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Abstract

Background: Noncommunicable diseasesareaglobal concernwith high mortality. Among these, cardiovascular disease requires
more attention due to recurrence with altered physical activity. “ SRCardioCare” (Sri Ramachandra Cardio Care) is an integrated
mobile software that was devel oped to engage patients with effective communication and e-media support. We intend to explore
the devel opment of mobile software and its perceived impacts among health care professionals.

Objective: Thisstudy aimed to devel op amore economical and feasible platform for cardiac rehabilitation following conservatively
managed coronary arterial disease, heart failure, postoperative adult cardiac surgical revascularization, and other cardiac surgeries,
and to devel op software that facilitates effective communication among participants and health care professionals.

Methods: The software application was devel oped based on the experts’ interviews. The core components that are included in
the software were assessed for their usefulness and applicability among people with cardiac disease using standardized questions.
Physicians, nurse practitioners, and physiotherapists’ opinions were obtained. The developed app features providing e-media
content for patients and pre- or postphysical activity response, including vitals and feedback from patients at set regular intervals,
which were updated to the software.

Results: Opinions obtained from practicing physicians (cardiologists), nurse practitioners, and physiotherapists were hopeful
for the devel opment and future implementation of “ SRCardioCare” among patients. “ SRCardioCare” isdesigned for the effective
implementation of physical activity among patients after conservatively managed coronary arterial disease, heart failure,
postoperative adult cardiac surgical revascularization, and other cardiac surgeries. An integrated communication medium and
regular postphysical activity feedback of vitals may offer safety in implementing physical activity among the vulnerable in a
remote setup.

Conclusions: Remote rehahilitation is an essential and unexplored forum of practicein the field of rehabilitation, yet it requires
wearabl e technology for remote monitoring and virtual reality and mixed reality for enhancing the adherence of the participants.
To incorporate the tel ehealth forum effectively, especialy in settings like India, the design must include an economically feasible
and convenient model.

Trial Registration: Clinical Trials Registry — India CTRI/2025/03/082747; https://tinyurl.com/2zesstdf

(JMIR Rehabil Assist Technol 2026;13:€69197) doi:10.2196/69197

KEYWORDS
e-media; mobile software; home-based cardiac rehabilitation; cardiac rehabilitation; coronary artery bypass grafting

specialists and other medical professionals with patients [1,2].
Owing to advancementsin telemonitoring and tel erehabilitation,
Technical support in thefield of health careisan emergingtrend  V&10US settings are being explored for diverse clinical

fostering the development of telecommunication between conditions. Mortality rate due to noncommunicable diseasesis
represented at 72.3% globally, requiring closer attention toward

Introduction
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the enhancement of prevention among the vul nerable population
[3]. An important measure to be taken is to educate the patient
on self-care and self-management strategies to prevent serious
illness and its secondary complications. Satisfaction with doing
physical activity among the patient population during the
COVID-19 pandemic lockdown was high, and the
telerehabilitation enhanced the patient-reported outcomes but
was not limited to patient adherence [4,5].

Mobile software used in health care promotes inner strength
and resilience among people with advanced age, which would
be considered the core components of an individual’s health
and quality of life [6]. Commercially available mobile-based
software relies on behavioral and motivational theory, but very
littleliterature existsfor its applicability and success[7,8]. This
encouraged hedlth care professionals to implement physical
activity with mobile health apps in enhancing physical health
outcomes. Any intervention model shall satisfy the patient’s
psychological well-being and meaningful choice, leading to
sustained engagement in strategies implemented [9]. Data
procurement using the software may require ahardware medium
to source the most reliable and precise values during physical
activities of an individual, which might act as a prime source
for gaining confidence for one to actively use the software in
remote settings [10,11].

Vital monitoring and supervised exercise program at remote
settings would be a needed feature for prescribing the physical
activity for an adult with cardiovascular disease, especialy
during postsurgical revascul arization. Componentswith multiple
domain-based software have appeared to be highly effectivein
engagement and the level of participation [12]. We am to
devel op amobile software that enabl es eff ective communication
and feasible applicability, with safety measures incorporated
for postsurgical revascularization patients, with provision for
e-media—based exercise prescriptions. Patient adherence rate
and rehospitalization, functiona capacity, quality of life, and
patient satisfaction would be analyzed after the effective

Table. Baseline characteristics of interview participants

Kumar Pichal et d

implementation of the software application during hybrid cardiac
rehabilitation.

Methods

This was a qualitative feasibility trial, which was a part of a
pilot trial before the main trial. An interface was devel oped for
engaging cardiovascular disease patients and health care
professionals with an effective mobile software-based
technology, which was analyzed for its usefulness and
applicability. Purposive sampling was performed among
participants to reflect the exposure to cardiac rehabilitation
enabled with technology, including physicians (n=5), nurses,
cardiac intensive care nurses (n=10), and physiotherapists (n=15)
of atotal of 25 (Table 1). The systematic face-to-faceinterview
was conducted, and the study was checked for its quality using
Consolidated Criteriafor reporting qualitative studies (COREQ)
[13,14]. The responses received from the health care
professionals are stated using the LIKERT scale. Software
application would include medication adherence, wound care
education, nutritional education, exercise counseling and
training, 24/7 communication with the health care team, and
associated telemonitoring with postexercise feedback.

The procedure of the experiment trial includes that the
intervention group and control group would be trained for
physical activity as per routine hospital protocol. Following
traditional care, the interventional group would be introduced
to asoftwareinterfacefor training, and the control group would
receive training based on the routine phase Il center-based
rehabilitation (Table 1). Theintervention group would betrained
specifically for regular practice of “physical activity at home”
with a safer and effective mode using prescribed dosage.
Training would be provided to the participants for recording
their vitals, including heart rate, oxygen saturation, blood
pressure, and rating of perceived exertion, and they would be
trained for documenting these in the software interface.

Characteristic Doctors Nurses Physiotherapists
Sex
Male, n (%) 4(80) 2(20) 9 (60)
Female, n (%) 1(20) 8(80) 6 (40)
Age (years), mean (SD) 42 (5) 37(12) 37 (8)
Experience, mean (SD) 16.8 (10) 14.9 (13) 15(8)
Occupation « Cardiologist (n=2) o Assistant nurse (n=6) o  Clinical therapist (n=8)
«  Physicians (n=3) o  Clinicd in-charge (n=2) «  Senior therapist (n=7)

«  Senior nurse (n=2)

Education

The management of the postoperative recovery period after a
cardiovascular incident would be challenging, requiring an
advanced approach for management due to various postoperative
complications (Table 2). SRCardioCare enables patients to be

https://rehab.jmir.org/2026/1/e69197

effectively educated, where information about conditions, risk
factors, and secondary prevention aswell as exercise counseling
and training is provided through video presentations.
Telemonitoring data were collected from the patients, along
with postexercise feedback and regular reminders of
medications, including communication with the patient.

JIMIR Rehabil Assist Technol 2026 | vol. 13 | €69197 | p.5
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Table. An outline implementation of software to the participants with afollow-up for 12 weeks.

Module Week 1 - 2 Week 3 - 4

Week 5 - 6

Week 7 - 8 Week 9 - 10 Week 11 - 12

Introduction and a
orientation

Training to self- ad
evaluate vitals

Evauation forrisk [
stratification

Counsdling - Medi- ad
cation

Counseling - Nutri- ad
tion

Counseling - Func- ad
tional capacity

Counseling - Set- ad
ting agoa

Counseling - Physi- O
cal activity

Re-evaluation - O
Functional capacity

Re-evaluation —
Recovery vitals

Counseling - Ener-
gy conservation

Counsdling - Relax-
ation and coping
strategies

Counseling - Sec-
ondary prevention
strategies

Counseling - Behav-
ior changing tech-
nigues

Counseling - Lead-

ing aquaity and
comfortablelife

NarrativeView of Feasibility Checking AmongHealth
CareProfessionals

A systematic interview was conducted among various health
care professionals using the following domain (Figure 1), which
was stratified from the interview guide. Data were collected
from the participants using descriptive field notes and
interviews, which were repeated once after the required
corrections were made based on feedback provided by the
participants in the software. Literature supports that there have
been deprived scenarios for implementing the physical activity

https://rehab.jmir.org/2026/1/e69197

following the cardiac events, including postoperative cardiac
revascularization surgeries and other cardiac diseases. Since
understanding the trends falling toward the implementation of
newer interventions in health care, most of the hedth care
workers agreed to devel op the software. Thefollowing feedback
was added to the prototype design as suggested by participants:

1. Components of psycho-social counseling

Nutritional education components

Behavioral change techniques

Ensuring safety for implementing physical activity inremote
settings

AW
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Quality

Figure 1. Survey among health care professionals for assessing the quality of software.

~~
L
®
Evaluated components
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Relevance of components
Applicability of software pFair
Feasibility of software '

ood
Prioritizing the core components LWery good
Need/Requirements

2. Developer experience: Flutter is paired with Dart, a

System Implementation language convenience that was high with building and

To build thismobile app for the rehabilitation of patients, Flutter debugging code, especialy on physical devices. The hot
was used to build the frontend and user interfaces, Node and reload allows us to observe changes live and assist in
Express for the backend, and MySQL as the primary database. preventing the reinstallation of the app frequently.

3. Ecosystem: the ecosystem of packages and libraries
Technology Stack available in Futter. Some of those libraries include:
Front-End Development With Flutter ‘fl_chart’ for visualizations and ‘chewie’ for video
The frontend of the SRCardioCare app has been entirely made playback.

using Flutter—a Ul framework developed by Googleto create | nterface Design
cross-platform apps. Some of the advantages of Flutter include

the following: The user interface (Ul) of SRCardioCare focuses on simplicity

and accessibility, ensuring that patients with varying levels of
1. Cross-platform support: Flutter can compile to both iOS  tech literacy can navigate the platform with ease. The Ul
and Android, our primary targetsfor thisapp, fromasingle  comprises several key features:
code base, maintaining and updating new features with a Dashboard

small development team.
A personalized dashboard is given for every user who logsinto
the app, for both patients and physicians (Figure 2).
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Figure 2. Developed software design home page for doctors with uploading videos options and patient progress.
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» Patients: The dashboard shows the average of their vital
parameters during their course of therapy. Links to all
important actions such as viewing the current day’s
exercises, help, and contact information of their dedicated
physician are featured.

» Physicianss The dashboard shows a visualization
representing the different days different patients are in; it
provides them with a broad overview of their patients
progress and offers them the ability to add a new patient.
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Video Playback

The Flutter “chewie” package on top of avideo controller was
used to present the video playback of the exercise videos
uploaded by the Physician (Figure 3). Each patient can only
view the video prescribed to them, in order, and only on the
specific day selected by the Physician. This ensures patients
cannot share sensitive information, and their physician can
always update the exercise based on the feedback from the
patient.
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Figure 3. Uploaded videography of the exercises prescribed for the patient.
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Feedback

After the patients complete the day’s exercises, they are
provided with a form to input their vital parameters, such as
heart rate, rating of perceived exertion, oxygen saturation, total

https://rehab.jmir.org/2026/1/e69197

RenderX
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body weight, and any remarks or doubts (Figure 4). Thisallows
us to create a valuable record of their parameters throughout
their journey and helpsthe physician tailor the exercise program
further.
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Figure 4. Documentation of post-physical activity vitals for patients.
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Technical Challenges

The primary challenge faced when devel oping this system was
integrating both the frontend and backend together with APIs.
We used asimple REST (Representational State Transfer) setup,
but for safety, weimplemented the interfaces of the modelsand
databoth in TypeScript and Flutter independently. The difficulty
level is high due to Flutter's rigid typing system and inability
to convert JSON directly to appropriate types in Flutter. The
manually written parsers for each model were used.

Backend

The backend was developed with Express; it runs using a
bleeding-edge runtime called Bun. We preferred Bun instead
of Node because of the following advantages: The typescript
support directly runs atypescript file without having to transpile
it to JavaScript. In HTTP/ Web APIs, the performance of Bun
appears hastened compared to Node. Bun offersagreat standard
library, providing useful functionslike hashing, which was used
to verify our passwords on authentication.

Example- Bun hashing:

let isvalid=await
user[0].password)

Bun.password.verify (password,

Data Storage, Privacy, and M anagement

Currently, SRCardioCare uses MinlO, a S3-compatible block
storage service that is self-hosted. This was used to store the
videos uploaded by the physicians. It is a drop-in replacement
for AWS S3; therefore, no code changes are required when
moving the data. According to the Healthcare Data Protection
Regulations by HIPAA (Hedth Insurance Portability and
Accountability Act) and GDPR (General Data Protection
Regulation), a clear consent would be obtained from the
participants, data usage would be strictly limited and restricted,
and participantswould be given full rightsto remove and access
their data as required.

Advantages are that the files are isolated in different buckets,
and the access control isstrictly granted based on the rulesfrom
the database; access is restricted to patients and physicians for
maintaining the integrity of data.

The access is limited based on the mechanism of presigning
URLSs, ensuring no patient ever has permanent access to the
videos and preventing them from sharing the exercises without
a physician’'s prescription. Timely backups of the data for
redundancy using external scripts such as cron and volume
backups provided by the Cloud Provider could be schedul ed.

System Integration and M odule Development

The emerging growth of coronary artery disease and Acute
Coronary Syndrome needs an efficient rehabilitation technique
that satisfiesthe desire of affected patients. Traditional methods
have more limitations, including monitoring the patient’s risk
when they are away and the need for continuous personalized
care. This design addresses the above-mentioned limitation by
supporting a personalized rehabilitation module and assisting

https://rehab.jmir.org/2026/1/e69197
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them in afast recovery from the disease. The proposed design
methodology is areal-time cloud-based design to continuously
monitor the patient and collect all the vital data of the patient.

The main goal of this proposed mobile app is to analyze and
manage risk factors to reduce disability, improve functional
capacity, lessen activity-rel ated adverse effects, educate patients,
and improve the quality of life.

To support the above-mentioned goal, the following design
principles are adhered to: designed specifically for individual
patients, collect vitals, processed offline, and prepared into a
report specific to patients; development of amobile application
integrating technological advancements and cloud computing
into health care, and continuous tracking of the patient based
on the exercise.

Ethical Consider ations

Ethical clearance was obtained from the Sri Ramachandra
Ethical Committee IEC/24/AUG/187/26. The registration
number for thistrial is CTRI/2025/03/082747. This study isa
part of a randomized controlled trial, in which the devel oped
SRCardioCare app would be implemented to compare the effects
of home-based cardiac rehabilitation with center-based cardiac
rehabilitation for adult surgical revascularization patients
(CTRI/2025/03/082747). Written informed consent was obtained
from all participants prior to enrollment. Participants were
informed about the purpose of the study, the voluntary nature
of participation, and their rights to decline to answer any
guestions or withdraw from the study at any time without any
consequences. All interview data were deidentified prior to
analysis. Personal identities were removed and confidentiality
was maintained through secure, password-protected datastorage
accessible only to the research team. Participants did not receive
any financial or material compensation for their participation
in the study.

Results

Principal Results

After the presentation of the developed mobile software (app)
SRCardioCare, with various expert health care professionals,
a total of 25 participants were interviewed for their opinion
about the developed software. The acceptability of developed
software from the professional s was high dueto its application
of multidisciplinary approaches, along with high relevance and
clinical need (Figure 5). Ul-enabled ease toward navigation to
their dashboards and exercise videos without difficulties.
Respondents provided positive feedback about the app and
highlighted their satisfaction with features such as comments
after exercises and vitals documentation. But vital
documentation emerged as a poor efficiency due to varying
levels of digital literacy among participants. Workflow issues
addressed by the clinician would betime constraintsin managing
and replying to the vital details and comments provided by the
participant's end.
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Figure 5. Responses from health care professionals: the built software was introduced to health care professionals in Sri Ramachandra Hospital and
Medical Center, including 5 physicians, 10 nurse practitioners, and 15 physiotherapists. Responses were obtained using survey questions.
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- Acceptability: Hedth care professionals described the
app-based platform as highly acceptable due to its
integration with technol ogy advancements and applicability
in cardiac rehabilitation. The novelty of such innovation
with tele-rehabilitation contributed to its acceptance.

“The app is found useful for cardiac rehabilitation, especially
for the heart failure population...”

«  Usability: Participants perceived the app as easy to navigate
with its simplified dashboards and order of sequence for
training without hurdles. Order of week-wise module with
training videos supported hassle-free provision for
participants.

“Theinstruction provided in the app makes easy navigation in
the app, providing good follow-ups...”

- Satisfaction: Health care professionals expressed a
completenessin app featuresthat include amultidisciplinary
counseling forum and improved patient engagement. The
essential feature considered mandatory would be the
acquisition of the post-vital monitoring and communication
module by health care professionals.

“1 personally felt safe suggesting the patient get enrolled in
cardiac rehabilitation using this software...”

« Barriers. Themanual entry of vital signsby the participants
could affect the accuracy and compliance, as per the current
trial protocol. Unless a monitoring device is prepared, the
defects might be considered noncompliant. Technical
challengesin linking the frontend and backend components
were described.

“ Prel oaded video components were slow occasionally and could
reduce the medical terminologies used...,

https://rehab.jmir.org/2026/1/e69197

76 74 76
16 18 15
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Feasibility of Prioritizing the core Requirements for
software components the cardiovascular
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Very Good

The app could also be used for heart failure, where more
precautionary measures need to be taken..”

« Facilitators. The components, which included educational
and personalized training, motivated health care
professionals to prescribe the application. The visual
dashboards and consistent communication between patients
and providers engage patients.

“It is good that the app displays the number of days the
participants have to work on... and the exercises provided were
kept changing every week, making participants more
involved...”

- Workflow Issues: Data flow and coordination between
modules were concerns of workflow-related issues, and
manual data entry by the participants would be considered
adifficulty, indeed anissue. The current softwareislimited
to such afeature; the second phase of the current trial would
be an innovation of areal-time monitoring device that would
gather data automatically from the participants' continuing
exercise training. The integration of real-time monitoring
devices was recommended to enhance workflow efficiency.

“The alerting features and regular reminders would enhance
the participation of patients effectively if done properly...”

“ Rather than doing exercises independently, this app helps
participants to perform without missing the sessions...”

Experts supported the SRCardioCare mobile application,
emphasizing the necessity of the innovation, stating that
telehealth adoption is rapidly increasing. Content analysis of
health care professionals’ suggestions and feedback revealed
that they valued safety as a major requirement, stressing the
necessity of continuous monitoring and postexercise feedback
by the enrolled participants toward cardiac rehabilitation.
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App Outputs

Personalized Treatment

After the presentation of the devel oped mobile software (app),
SRCardioCare, with various expert health care professionals,
a total of 25 participants were interviewed for their opinion
about the developed software (Figure 1). Based on the vital
measurements, the physician will prescribe personalized
exercises suited for each patient (Figure 3). The exercises are
uploaded to their login and assigned to that patient based on the
patient ID. The physician will upload a sequence of six
nondownl oadabl e videos that comprise the exercisesto be done
and will change after four days. The patient can log into the app

https://rehab.jmir.org/2026/1/e69197
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but can only view the first exercise, which is assigned to their
ID. These exercises may vary after four days. The same progress
can also be viewed from the portal.

Baseline Assessment of Patient

This module is basic for the Remote Rehabilitation system.
Before using this remote system (Mobile App), orientation for
the patient is given on this app and the need of this mobile app
and the postoperative self-evaluation, importance of their
continuous monitoring of their vital parameters of the patient
such as heart rate, oxygen saturation, rating of perceived
exertion, total body weight, and provided ways of managing
the risk in postoperative periods are explained (Figures 4 and
6).
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Figure 6. The screenshot shows the history of patientsin the physician'slogin, along with the vital parameters measured.
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To support the patients for the above-mentioned program, a
Mobile App was designed. The mabile app is facilitated with
role-based access, such as physician and patient. A physician
will be assigned to many patients. During the first two weeks
of this program physician will record the vitals of the patient
before they are discharged from the hospital, and based on the

Kumar Pichal et d

vital signs, a personalized rehabilitation program will be
designed for the patient. When the patient returned home, they
needed constant treatment with remote monitoring (Figure 7).
The patient can log into the system and view the personalized
exercises |oaded to them by their physicians (Figure 3).

Figure7. SRCardioCare Trial protocol for participants after introducing the software. The chart was developed using the Whimsical tool.
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The main objective of this module is to assess the patient and
provide continuous monitoring of their vital parameters. If
needed, changesin the exercises can also be made. In the current
app, the patient hasto manually enter the vital parameter in the
mobile app. As a future enhancement, it is planned to
incorporate telemonitoring toolsto record vital parameters. The
vital parameters of the patients will be tracked and monitored
by the physician. If any abnormality arisesin thevital parameter,
alert the caretaker or speed up the recovery process. This
tracking prevents or reduces the adverse effects on cardiac
activity.

This data is used to identify patterns and correlations between
physical activity and vital signs, helping us assess the
effectiveness of the rehabilitation plan and make informed
adjustments. If arisk factor is detected (eg, prolonged elevated
heart rate), the system sends alerts to both the patient and their
health care provider, prompting immediate review and
intervention. It also helps to predict the patient’s health before
therisk arises.
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This mobile app establishes a communication between the
physician and the patient at a remote setup. Through the app,
the patient can readily present queries to the physician. They
can record their vitalsand post them to the physician. Physicians
will resolve the queriesraised by the patient on apriority basis.
Physicians can analyze the patient’svital data stored inthe cloud
and get detailed insights about the patient’s heal th, and they can
predict the potential risk and avoid or reduce the adverse effects.

Discussion

Principal Findings

Cardiovascular disease remainsthefirst among the major causes
for years of life lost globally, ischemic heart disease being one
of the causes if grouped globally [3,15]. The global risk of
noncommunicable diseases is rising and requires immediate
intervention to prevent complications [16]. Face-to-face
implementation of exercisesfor chronic disabilities such aslow
back pain did not prove to be more effective than an
exercise-based mobile app for managing the patients’ issues,
according to arecent randomized controlled trial [17]. Decisions
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toward the development of anewer approach to deliver effective
telemedicine and telerehabilitation are highly warranted [18].
A trial shows that intervention using a mobile app resulted in
promising outcomes, stating that enhanced vitals, exercise
capacity, and satisfaction toward exercise participation [19].
Device-dependent cardiac rehabilitation program for patients
enhances the effective implementation of the protocol, as well
as participants’ interest toward participation isalso promisingly
enabled [20].

Behavioral change techniques would be an emerging
intervention that would initiate the hopeful scope toward
physical fitness in society. The awareness should be obtained
at the guardian level and the care provider level to ensure the
implementation of physical activity among the vulnerable
population [21]. A systematic review reveals that the mobile
app-based intervention would enhance diet, physical activity,
and sedentary behavior when applied modestly [12]. Another
systematic review suggeststhat despite strong evidence, people
fail to follow the suggested physical activity and guidance from
cliniciansto lead a healthy life [22].

Cardiac rehabilitation has been prescribed to patients after
cardiac events, but effective implementations are becoming
poor due to poor participation. Which might require an
aternative  method of  implementation, including
technol ogy-enabled implementation of cardiac rehabilitation at
remote setups as well as in-center setups [23-25]. Effective
implementation of atelehealth program depends on the various
domains that are to be incorporated to gain effective clinical
outcomes for the participants under safer practice. That might
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include telemonitoring, medication adherence, education,
self-awareness about their functional capacity, understanding,
and mastery of the telehealth model for self-implementation by
the patients [26,27].

Patients would be thoroughly evaluated by a hedth care
professional before introducing the software app, and the
assessed comorbid conditionswould be considered for exercise
prescriptions. Prior training would be provided based on the
suggestions provided by physicians. The concepts providing
the e-supported rehabilitation criteria would include
implementing cardiac rehabilitation through an economically
cheaper method. Henceforth, the app usage would be based on
subscription, which depends on the requirements of the duration
of rehabilitation sessions suggested by physicians.

Conclusion

Globally, the literature supports that remote rehabilitation for
cardiac diseases is effective. A mobile app offers trustworthy
standards for the long-term adherence of patients with
noncommunicable diseases. The developed software may help
us to build a protocol for implementing remote rehabilitation
following cardiac surgeries, heart failure, and conservatively
managed acute coronary syndromes. Further upgradation may
include telemonitoring support using the hardware gadget that
would be designed to provide precise data of vitals during and
post-exercise sessions. Thisleadsthe researchersto focusmore
on areas of telemonitoring devices that are more feasible and
economical; deficient procurement of telemonitoring would be
alimitation of this study.

The modul e was devel oped with the hel p of our co-author from Sri Ramachandra Engineering Technol ogy; hence, no devel opmental
cost was included. Maintenance of the software would be taken up by the principal investigator and the co-author team until the
software is used for the complete implementation. Whimsical Al tool was used to draft Figure 6 (for design purposes only) [28].
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Abstract

Background: Large language models (LLMs) have demonstrated potential in automating the analysis of unstructured clinical
data, yet their application in rehabilitation therapy for work injury cases remains underexplored.

Objective:  We aimed to evaluate the performance of an LLM-assisted approach for the rapid identification of anomalous
rehabilitation cases related to work injuries to enhance scal ability and precision in case management.

Methods. Weretrospectively analyzed 110,346 deidentified work injury cases between 2001 and 2024 from aleading rehabilitation
coordination company in Hong Kong, representing approximately 20% of all work injury incidents in the region. LLMs were
used to estimate the expected duration of recovery based on free-text injury descriptions. The cases in which the actual number
of medically certified sick leave days exceeded the L L M-predicted maximum were classified as anomalies.

Results: The LLM-assisted method achieved high accuracy, with GPT-40 achieving over 73% accuracy in nonanomalous
classification and 79% accuracy in all dataset detection, outperforming comparator models. The model maintained high accuracy
across subgroups and demonstrated the reliable extraction of information from free-text notes.

Conclusions: The proposed method demonstrated robustness when evaluated on a large-scale dataset with a bimodal age
distribution. This study highlightsthe potential of LLMsto transform rehabilitation workflows by automating anomaly detection
at scale. The method also shows promise in tailoring rehabilitation strategies to age-specific needs and leveraging LLM toolsfor
efficient case management. However, a key limitation is that the dataset includes only injury cases from a single geographic
region, potentially limiting the generalizability of the findings to other populations or health care systems.

(JMIR Rehabil Assist Technol 2026;13:€80607) doi:10.2196/80607

KEYWORDS
anomaly detection; large language model; work injury; rehabilitation prediction; machine learning
diverts valuable clinica time and expertise away from

anomalies, cases involving severe injuries or irregular patterns
of recovery that require specialized evaluation or intervention

Introduction

Efficient and targeted rehabilitation management is essential to
ensure that individuals with severe conditions receive timely
and appropriate care [1]. However, current work injury
management often lacks the precision needed to alocate
resources optimally, resulting in delays and inefficiencies in
addressing high-priority cases[2]. A core challengeliesin the
misallocation of attention and services, where relatively minor
injuries with predictable recovery trajectories are sometimes
treated with the same urgency as more complex cases. This
misdirection not only burdens the health care system but also

https://rehab.jmir.org/2026/1/e80607

[3]. Without arobust mechanism to distinguish these cases early
inthe workflow, rehabilitation systemsrisk compromised patient
outcomes, inefficient use of limited resources, and waste critical
resources. In Hong Kong, the term “anomalies’ refersto cases
where the injured worker's records indicate a severe injury
requiring special or intensive care [4]. These cases may also
suggest potential discrepancies, such as claims that have been
overstated for additional compensation or legal benefits,
indicating that the incident may not follow typical recovery
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patterns according to industrial practice. In the Asia-Pacific
context, including Singapore’s employment practices guidance
and Australian public sector leave management, cases that
exceed expected or alowable sick leave provisions are treated
as requiring attention, which aligns with our operational use of
sick leave exceedance to flag potentia anomalies [5-7].
Nonanomalous data refer to cases in which the injured worker
experiences a light injury expected to heal in the usual course,
with a standard recovery process leading to atimely return to
work. These records represent the standard outcomes, without
complicationsor indications of potential fraud. Some anomalies
may also signal potential inconsistencies, such as exaggerated
claims made for extended compensation or legal advantage. In
industrial practice, comprehensive annotations about why acase
is “specia” are typically unavailable. The only consistent,
objective post hoc indicator of atypical recovery trajectory is
the realized count of medically certified sick leave days.
Consequently, this study operationalizes cases requiring
attention via a fast filter that flags cases whose realized sick
leave exceeds a large language model (LLM)-estimated
expected range. We emphasize that this is a pragmatic triage
proxy, not aclinical determination of pathophysiology or fraud.

Addressing this challenge requires innovative methods for
quickly and accurately identifying severe casesto optimize the
distribution of resources. With the advancement of artificial
intelligence (Al) techniques, clinical decision support systems
have been increasingly employed across various domains to
assist therapists in decision-making [8-11]. In the context of
workplace injury, recent research has integrated machine
learning methodologies, such as the variational autoencoder,
for predicting sick leave outcomes and establishing a high
alertness cliff [12]. Nevertheless, the prediction process still
partially depends on the initial judgment of work injury case
managers, who serve as the primary decision-makers in these
cases. Senior work injury case managers consistently achieve
higher accuracy compared to Al-based predictions [13]. Even
with the assistance of neural networks, Al cannot rapidly achieve
an acceptable level of performance without proper data
preprocessing and customization. The research gap liesin the
lack of efficient, data-driven methods to proactively identify
anomalies in work injury management workflows. Current
practices predominantly rely on random case assignment and
retrospective corrections, resulting in wasted time and resources.

Recently, LLMs have demonstrated exceptional capabilitiesin
processing language-related data, even passing the United States
Medical Licensing Examination [14,15]. It hasal so been studied
inseveral medical fields[16-18]. Numerous studies and surveys
have investigated LLMSs' ability to assume specific roles based
on provided profiles, with results indicating that LLMs can
effectively simulate profiled characters [19-21]. Simply
prompting LLMswith adata description can generate responses
inlessthan 1 minute without requiring additional model training.
However, a critical research gap remains in determining how
to constrain the outputs of LLMsand how to effectively design
methods that leverage LLMs to detect anomalies in incoming
injury cases efficiently.

Unlike traditional rehabilitation workflows, where senior work
injury case managers must spend considerable time manually

https://rehab.jmir.org/2026/1/e80607
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identifying anomalous cases, we developed an LLM-assisted
method to streamline and accel erate this process. By leveraging
prompt engineering techniques, we structured the input and
constrained the output format to support accurate and efficient
initial screening. The method isgrounded in clinical reasoning:
each injured worker is expected to follow a typical recovery
trajectory, reaching a work-ready state within a medically
anticipated time frame based on the nature and severity of the
injury. LLMs, trained on extensive digital corporathat include
medical and occupational content, are well positioned to infer
such expectations and assist in detecting deviations from
normative recovery patterns[22].

The scenario mirrors current practices in work injury
management, where cases are often assigned randomly to junior
or senior work injury case managers, only to discover later that
certain cases would have benefited from senior-level expertise
from the outset. This misallocation frequently resultsin delays
and inefficient use of resources.

To this end, we proposed a novel approach leveraging LLMs
to detect anomaliesin occupational rehabilitation in the context
of work injury management. Our method offered a potentially
fast, scalable, and highly accurate solution for identifying severe
cases based on data from work injury cases. Furthermore, this
research collected over 110,000 work injury cases from alocal
company in Hong Kong, which handles nearly 20% of the total
work injury cases yearly [23]. The data were used to validate
our method, and severa pilot studies were conducted for
feasibility assessment, including model selection. Meanwhile,
this research aims to uncover the key factors that characterize
anomalies in this dataset, providing deeper insights into the
decision-making process and facilitating a more informed
allocation of resources. Our objectivesare 2-fold: (1) developing
a robust LLM-based method for anomaly detection in work
injury management and (2) utilizing exploratory data analysis
to uncover potential age and work-injury patterns in these
anomaly cases.

Methods

LLM-Assisted Anomaly Fast Detection M ethod

This method uses a fast and reliable alertness cliff to classify
cases more effectively. If thetotal number of medically certified
sick leave daysfor an injured worker exceedsthiscliff, the case
is flagged as potentialy anomalous and prioritized for review
by senior-level personnel or a detailed evaluation. An LLM
predicts the expected duration of sick leave for each case from
injury and accident descriptions. By comparing realized sick
leave with the model-predicted recovery days, cases exceeding
the cliff are classified as anomalies, and those within the
expected range are considered normal. To enhance precision,
3 aggregation rules are used to define the decision cliff, referred
to as the cliff: the maximum, the average, and the median of 3
independent LL M —generated recovery estimates. A casewhose
realized sick leave exceedsthis cliff isclassified asan anomaly.
To mitigate variability and improve reliability, the LLM is
gueried 3 times per case using the same prompt structure, and
the final decision is derived from the aggregated predictions to
produce a robust, data-driven anomaly detection process [24].
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As illustrated in Figure 1, the workflow begins when a new
work injury case is received. The “Query LLM 3 times and
aggregate results’ step rapidly determines the cliff using an
LLM. The procedure begins by preparing case information,
followed by preprocessing to retrieve demographi cs and extract
key details, such as accident and diagnosis information. This
content is embedded into a prompt based on the template shown
in Figure 2. For each case, the LLM application programming

Chenet a

interface (API) is queried 3 times to obtain predicted recovery
periods, which serve as the cliff indicator for anomaly
classification. A case is classified as nonanomalous if its sick
leave has not yet exceeded the predicted cliff. For ongoing cases,
sick leave days are incremented and reassessed against the cliff
until the caseis closed. Once the sick leave surpasses the cliff,
the caseis classified asan anomaly and referred to a senior work
injury case manager for intervention.

Figure 1. Largelanguage model (LLM)-assisted anomaly fast detection method. API: application programming interface.
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Figure 2. Concrete prompt used to acquire information from alarge language model.

ninn

""" Introduction

You are to role-play as a professional medical doctor specializing in occupational
health. Your task is to determine an appropriate sick leave range for a given patient
based on provided demographic details, diagnosis, and accident-related information.
The data provided originates from Hong Kong, so your recommendations must re-
flect the local medical practices, labor laws, workplace conditions, and cultural con-
siderations. Ensure your response follows a professional and scientific tone, adheres

Chenet a

to ethical considerations, and complies with the output format constraints.

i Context UL

You are provided with a set of data, including:
- Demographic Details: <AGE>, <SEX>, <POSITION>, <POSITION CATE
GORY>, <PHYSICAL DEMAND LEVEL>, <INDUSTRY>.

- Diagnosis: <DIAGNOSIS>.

- Accident Detail: <ACCIDENT DETAIL>.

Note: The case data comes from Hong Kong. When making your recommendation,

you must consider:

- Local labor laws and sick leave entitlements.
- Common workplace environments in Hong Kong.
- Cultural attitudes towards recovery and returning to work.

nman Output Format LLLLLLLL

Your output must strictly follow the format below:

<Sick Leave Recommendation>
- Maximum Leave: [Y days]

""" Behavior Constraints """

- You must strictly follow the provided output format and output only the sick leave

recommendation in the specified format.

- Do not include any additional explanations, reasoning, or context in your response.
- Do not make assumptions beyond the provided data.

- Avoid speculative reasoning or introducing unsupported medical claims.

- Ensure your recommendation is evidence-based, logical, and aligned with Hong

Kong's local context.

Role-Playing Task-Specific

Behaviour Constraints

The primary outcome is the accuracy of anomaly and
nonanomalous classification in work injury cases, assessed on
adataset fromaleading local work injury management company
with expert-verified labels. The systematic use of LLM
predictions enhances detection sensitivity while reducing manual
workload, enabling case managers to focus on genuinely
complex cases that require expert attention.

In routine operations, rich clinical detail is often unavailable at
intake, so triage relieson minimal text and basic demographics.

https://rehab.jmir.org/2026/1/e80607

Section Header Explicit Output Format

Context-based Priming

To enable low-latency and low-cost prioritization, a
case-specific cliff is defined as the LLM-estimated expected
duration of sick leave, serving as a data-driven prior on typical
recovery given available notes. As the case progresses, if the
running tally of medically certified sick leave exceedsthisprior,
particularly early in the timeline, the case is automatically
gueued for senior review. This mechanism functions as a
workload triage heuristic rather than a diagnostic judgment,
triggering timely escalation in cases of information scarcity,
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improving all ocation precision, and deferring definitive clinical
determinations to expert assessment.

The method was validated using adataset of 110,346 real-world
work injury cases provided by a leading work injury
management company in Hong Kong.

Prompt Template

Figure 2 demonstrates the detailed prompt engineering templ ate,
which utilizes multiple prompting techniques to enhance LLM
performance. For clarity, the section header technique, such as
“Introduction,” “Context,” “Output Format,” and “Behavior
Constraints,” is used in the prompt template [25]. In the first
part of the prompt template, the role-playing technique enhances
contextual understanding, adaptability, and response accuracy
by simulating specific personas, perspectives, or expertisein a
given scenario [26]. To improve response relevance and
coherence, the template specifies that all cases occurring in
Hong Kong should utilize the context-based priming technique
[27]. Inthe“Context” section of the prompt template, the input
datafor theinjury case, including demographic details (eg, age,
occupation), diagnosis detail s (textual description), and accident
details (textual description), were included. In the “Output
Format” part, the Explicit Output Format avoids undesired
reasoning steps (eg, Chain-of-Thought) or other deviations,
ensuring the LLM generates responses strictly in the intended
structure without adding irrelevant content [28]. The“Behavior
Constraints’ part also serves a similar purpose, ensuring that
the model’ sresponses remain factual, precise, and contextually
appropriate. Prompts are explicitly contextualized to Hong
Kong's legal and clinical environment to enhance ecological
validity, with strict output schemas for parsability and
consistency [29]. Explicit instructiona constraints are embedded
to reduce hallucination and enforce adherence to the analytical
task.

Pilot Study

In our pilot study, we examined the varying strengths of different
LLMs (eg, mathematical reasoning) and recognized that model
size and architecture significantly influence performance
[25,30-32]. To ensure arobust eval uation, we selected the largest

Chenet a

and most widely recognized modelsfrom diverse LLM families,
encompassing a broad range of architectures and capabilities.

Our primary objective was to determine whether these models
could interpret a predefined prompt template and generate
outputs that conformed to the required structure. Rather than
examining their reasoning or predictive abilities, we focused
on consistency, introducing 2 metrics: Compliance, which
measures adherence to guidelines for producing the desired
content, and Self-Consi stency, which assesses whether the same
response is generated across 3 repeated trials. We randomly
sampled 100 cases from the dataset, prompted each model 3
timesper case, and recorded the number of outputsthat followed
therequired format. We focus on per-case anomaly triage using
an upper bound on expected sick leave, so the prior work’s
center-focused reproducibility framework and large-run
benchmarking do not fit our objective, evaluation needs, or
deployable low-stochasticity protocol [32].

Figure 3 presents the results of this pilot study. Compliance
represents the proportion of responses that satisfied our
prescribed guidelines, while Self-Consistency quantifies each
model’s consistency across repeated prompts. Among 7 leading
commercial LLMs, ChatGPT-40, DeepSeek-V 3, Qwen2.5-72B
Instruct, Llama3.1-405B Instruct, and Yi-Large achieved
perfect Compliance; other models failed to avoid generating
undesired content. We also examined internal consistency by
comparing outputs across 3 prompts, categorizing them as
identical acrossall trials, identical in at least 2, or unique each
time. ChatGPT-40 exhibited the highest Self-Consistency, and
several other models met our chosen 80% cliff for the
subsequent experiments.

However, certain models with high Self-Consistency struggled
with Compliance. This discrepancy is especially concerning,
given our objective of providing a fast and reliable anomaly
detection system for work injury management companies. Strict
adherenceto instructionsiscritical: any deviation can introduce
erroneous or fabricated data, ultimately undermining the
detection process. Ensuring compliance is thus essential to
maintain the integrity of anomaly detection.

Figure 3. Compliance and self-consistency of different large language models.

1 Compliant
[Z A Self-Consistency
© (w4 \ [P\ ;] 0
100 100 100 100 100
100 1 = — — A 9:7[ 7
9 85 o
[ 83 81 80
o 801 e 1 V. 74 .
g i
€ 60
) ]
! 60
[
a
40 1
201
4.3
0 T : :
GPT-40 DeepSeek Qwen2.5 Llama Yi-Large Phi Mixtral

https://rehab.jmir.org/2026/1/e80607

JMIR Rehabil Assist Technol 2026 | vol. 13 | 80607 | p.24
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

Work Pipeline

Based on the results of the pilot study, we selected
DeepSeek-V3, ChatGPT-40, LLaMA-3.1-405B-Instruct, and
Qwen2.5-72B to serve as LLM agents in our framework. All
selected models achieved 100% compliance with the prompt
template and demonstrated over 80% self-consistency across
repeated responses.

A request-response framework was implemented using the
Fireworks API in Python. Decoding parameterswere configured
for low-variance outputs using atemperature of 0.2 and atop-p
of 1.0, which empirically reduced variability while maintaining
robust adherence to the required output schema. A temperature
of 0.0 was considered for full determinism; however, some
models exhibited occasional output truncation or schema
noncompliance at strictly deterministic settings during
preliminary checks.

The demographic information, incident accident details, and
clinical diagnoses were embedded into a standardized prompt
template, as shown in Figure 2. Each prompt was submitted to
the LLM viaan API. A Python script extracted the responses
to generate a predicted maximum duration of medically certified
sick leavefor each case. The datawerethen visualized to assess
the accuracy of the LLM-based method.

Data Sources

Our dataset originates from aleading work injury management
company in Hong Kong, which manages approximately 20%
of work injury cases annually, covering records from 2001 to
2024. The dataset comprises 110,346 cases, with a gender
distribution of 41.3% female and 53.6% male. The study
population is predominantly Chinese, with individuals ranging
in age from 18 to 83 years. This broad demographic coverage
provides a robust basis for analyzing patterns across different
age groupsand genderswithin arelatively homogeneous ethnic
context. Input leakage was not possiblein this study. All records
are confidential medical data, fully classified, and never publicly
released or exposed to the models beyond the controlled
evaluation pipeline, thereby preventing any external
contamination that could bias LLM outputs or compromise
validity.

Within this dataset, 15,575 cases were recorded as having zero
sick leave days, which weretreated as potential dataentry errors.
We exclude zero-day legitimate cases as outliers because they
areimmediately escalated to senior rehabilitation coordinators
on day zero and handled outside our fast detection system, which
targets anomalies only after predicted sick leave durations are
exceeded. An additional 9230 cases had nonzero sick leave
durations but contained missing values. For the primary
predictiveanalysis, weused 85,541 casesthat reported anonzero
number of medically certified sick leave days and had no
missing data. These were inputs for the LLMs to predict the
expected duration of normal recovery. Although excluded from
the prediction task, the remaining data groups were also
analyzed to extract relevant insights, given their substantial size.

https://rehab.jmir.org/2026/1/e80607
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Data Preprocessing

The dataset underwent staged preprocessing to ensure
consistency and analytical suitability. Records outside the target
time window were removed, implausible values were
constrained within reasonable bounds, and entrieswith nullsin
critical analytical fields were excluded. Noncritical descriptive
fields with missing values were imputed using a neutra
placeholder to preserve coverage while signaling
incompleteness.

Categorical features were standardized through controlled
vocabulary mapping, consolidation of multivalued entries into
explicit multicategory indicators, and aggregation of
low-frequency categories to mitigate sparsity. Text fields were
sanitized by removing noninformative placeholders, and
duplicates were eliminated based on content equivalence. A
focused set of salient variables was retained for downstream
analysis.

Data Analysis

In this study, we utilize a comprehensive set of metrics to
rigorously evaluate the performance of the LLM-assisted
anomaly detection method, encompassing classification
accuracy, error magnitude, and model reliability. Classification
accuracy, a core metric, is calculated based on 3 cliff-based
methods: method 1 (maximum of 3 LLM predictions), method
2 (average of 3 predictions), and method 3 (median of 3
predictions). To further assess prediction deviations between
realized sick leave days and LLM-predicted cliffs, we compute
mean absolute error (MAE), mean squared error, root mean
sguared error (RM SE), mean absol ute percentage error (MAPE),
and mean percentage error (MPE). Additionally, Compliance
(adherence to structured output formats) and Self-Consistency
(reproducibility of outputs across repeated prompts) are
guantified to ensure model reiability. We evauate
misclassification deviation, summarized through percentiles
(eg, 50th and 75th percentiles), to analyze error distribution.
Furthermore, exploratory data analysisis conducted to provide
insightsinto the dataset, including descriptive statistics such as
injury frequency, demographic distributions (eg, age, gender,
occupation), anomaly preval ence, and misclassification patterns
across key variableslike body part and industry type. Together,
these metrics and calculations form a robust framework for
ng the precision, reliability, and operational effectiveness
of the proposed LLM-based anomaly detection system.

We evaluated triage performance using cliff-based classification
derived from LLM-predicted “cliffs’ of expected sick leave
duration. For each case, the LLM was queried 3 timeswith the
same prompt. The per-case decision cliff was then defined by
1 of the 3 aggregation rules: method 1, method 2, and method
3. A case was classified as an anomaly if it realized medically
certified sick |eave days exceeded the chosen cliff; otherwise,
it was classified as nonanomalous. The primary performance
metric was accuracy, computed as the proportion of correctly
classified cases over the evaluation set, and reported overall
and dtratified by anomaly and nonanomalous subsets to
characterize trade-offs across decision rules and models.
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To assessreliability and error magnitude, we further quantified
misclassification deviation, defined for errors as the absolute
difference between realized sick leave days and the decision
cliff, summarized via percentiles (eg, 50th and 75th).

To gain a deeper understanding of the phenomenon in the
dataset, sdary is treated as a composite proxy that captures
differences across job types, seniority, contract structures, and
work experience. Given the absence of granular role-level pay
scales, salary should not be interpreted as a pure measure of
experience but as an indicator shaped by occupational category
and tenure.

Ethical Consider ations

This study introduced an innovative anomaly detection method
for work injury rehabilitation, validated using real-world cases
from Hong Kong. The project has been approved by the PolyU
Ingtitutional Review Board (reference HSEARS20250406002).
A pilot study was first conducted to evaluate the performance
of severa well-known commercial LLMs, which informed the
selection of the most effective models for the subsequent
experiments.

The dataset was provided by one of the largest work injury
management companies in Hong Kong, which manages nearly
20% of the government-reported work injury rehabilitation
cases. The data were shared exclusively for research purposes
under a strict confidentiality agreement. Prior to transfer, all
records were anonymized by the provider to ensure the
protection of personal information.

https://rehab.jmir.org/2026/1/e80607
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Results

Work Injury Dataset

Figure 4 presents a comprehensive analysis of 110,346
deidentified occupational injury cases managed by a leading
rehabilitation coordination company in Hong Kong between
2001 and 2024. Injuries predominantly involved peripheral
anatomical regions, with fingers (n=16,397) and backs
(n=13,631) collectively accounting for nearly one-quarter of all
incidents, followed by hand or palm injuries (n=9618) and ankle
injuries (n=8722). Consistent with these anatomical findings,
the most common types of loss were contusions or bruises
(n=30,089) and sprains or strains (n=29,454), whereas open
wounds, such aslacerations and cuts (n=11,642), and fractures
(n=7743), occurred less frequently. Industry-specific data
indicate asubstantial burden arising from labor-intensive service
sectors, notably “Administration and support services’
(n=32,245) and “Accommodation and food service activities’
(n=23,116), collectively accounting for more than half of all
cases and surpassing the construction sector (n=12,604) in this
dataset. Precipitating events were predominantly same-level
dips, trips, and falls (n=29,476) and manual lifting or carrying
tasks (n=20,532). Demographically, male workers represented
amodest majority (53% of claims); nevertheless, femaleworkers
comprised asubstantial proportion (42%). The age distribution
was right-skewed, with amean age of 45.3 (SD 13.3) yearsand
amedian of 47.0 (IQR 21.0) years.
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Figure 4. Demographic data statistics in the dataset. (A) The top 20 most common categories of injured body parts. (B) Most common categoriesin
the industry. (C) Most common categories in the nature of loss. (D) Most common categories in the cause of injury. (E) Gender distribution in the

dataset. (F) Age distribution in the dataset.
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Perfor mance Assessment of LLMs

Table 1 shows the LLM classification accuracy across the
selected models for different data categories. All LLMs
mentioned in Figure 3 have been tested. For the entire dataset,
all selected LLMs achieved more than 70% accuracy in the
maximax, expected maximum, and median cliff criteriamethods.
Among the selected LLMs, GPT-40 achieved the best
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performance in all cliff criteria, while DeepSeek-V3 had the
lowest performance. In the separate anomaly dataset containing
only anomalies, the prediction accuracy of all selected models
exceeds 95%. The best performance for the nonanomalous
dataset comes from GPT-40 as well, achieving more than 76%
under maximax cliff criteria, over 73% accuracy under expected
maximum cliff criteria, and a median cliff criterion.
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Table. Case classification accuracy across models®,

Chenet a

Method 1 (%) Method 2 (%) Method 3 (%)

Qwen 78.71 78.26 78.19
DeepSeek 76.31 75.75 75.66
Llama 78.15 76.93 76.76
GPT-40 81.77 79.95 79.51
Anomaly

Qwen 97.72 97.79 97.79

DeepSeek 97.59 97.81 97.80

Llama 97.69 98.02 97.97

GPT-40 96.32 97.16 97.21
Nonanomalous

Qwen 71.71 71.07 70.98

DeepSeek 68.48 67.62 67.51

Llama 70.96 69.16 68.95

GPT-40 76.40 73.61 72.99

3\ethod 1 uses the maximum value among the 3 large language models (LLMs) predictions as a cliff to classify anomalies and nonanomal ous. Method
2 usesthe average of the 3LLM predictions as acliff for classification. Method 3 uses the median of the 3 LLM predictions as a cliff for classification.

Table 1 further highlights the trade-offs in classification
accuracy when different criteria are applied. When using the
expected maximum as the classification criterion, the model
achieves higher accuracy in anomaly detection but at the cost
of reduced accuracy in nonanomalous classification. However,
misclassifying nonanomalous cases is relatively less
consequential, as such cases typically resolve quickly, with
injured workers returning to work in ashort period. In contrast,
misclassifying anomalies can have significant financial and
operational implications. Suppose an anomaly is incorrectly
classified asanormal case. In that case, the company may need
to allocate additional resourcesto reassign asenior work injury
case manager later in the process, leading to prolonged recovery
times and potentially missed rehabilitation windows. From an
anomaly detection perspective, Llamademonstrates the highest
detection rate. However, when considering overall performance
across both anomaly and nonanomal ous classification, GPT-40
outperforms other models, making it the most balanced and
practical choice for real-world deployment. These findings
highlight the importance of selecting an LLM that optimally
balances accuracy, adherence to instruction, and overall
classification performance.

https://rehab.jmir.org/2026/1/e80607

Table 2 showsthat across the 3 aggregation strategies, absolute
and squared errorsremain high: MAE isapproximately 72 days,
and RMSE is around 158 days for all methods, indicating
substantial pointwise deviations and volatility in predicting the
maximum sick leave duration. Relative errors are also large:
MAPE ranges from 169.86% to 195.48%, and MPE exceeds
100% for all methods, evidencing pronounced systematic
overestimation. Among the alternatives, the median-based cliff
(method 3) yields the lowest relative error (MAPE=169.86%,
MPE=106.77%) and slightly lower dispersion, whereas using
the maximum prediction as the cliff (method 1) amplifies both
bias and variance; the mean (method 2) liesin between. Despite
these differences, the small gaps in MAE or RMSE across
methods suggest that aggregati on choice al one does not resolve
the core error magnitude, and bias calibration or robustness
enhancements are warranted. Directly using LLMs to predict
sick leave duration from demographics yields large absolute
and relative errors (=72-day MAE, =158-day RMSE, MAPE
>169% with systematic overestimation), revealing unstable and
biased point forecasts, which motivates our shift to a fast
exceedance-based detection method rather than relying on raw
predictions.
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Table. Standard metrics for 3 methods?.
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MAEP MSE® RMSE? MAPE® (%) MPE (%)
Method 1 72.37 24,741.36 157.29 195.48 136.39
Method 2 72.42 25,173.20 158.66 172.39 110.32
Method 3 72.54 25,266.41 158.95 169.86 106.77

3\ethod 1 uses the maximum value among the 3 large language models (LLMs) predictions as a cliff to classify anomalies and nonanomal ous. Method
2 uses the average of the 3LLM predictions as a cliff for classification. Method 3 uses the median of the 3 LLM predictions as a cliff for classification.

PMAE: mean absolute error.

°M SE: mean squared error.

9RM SE: root mean squared error.
EMAPE: mean absol ute percentage error.
TMPE: mean percentage error.

LLM Misclassifications Case Study

Since method 1 achieved the highest overal accuracy, this
section primarily focuses on analyzing the predictions of the
LLM based on method 1, as well as those generated by
ChatGPT-40, which demonstrated the highest average accuracy
among al the selected models. Figure 5 illustrates the
distribution of erroneous predictions that exceed the specified
cliff when method 1 is applied. The yellow dashed line
represents the 50th percentile of the cumulative distribution,
corresponding to a deviation of 13 days. In contrast, the 75th
percentile of the cumulative distribution corresponds to a

Figure5. Distribution of erroneous predictions beyond the cliff.
10

deviation of 40 days. These results indicate that half of the
erroneous predictions deviate from the ground truth by no more
than 13 days, further underscoring the robustness of the
proposed method. The previouswork on similar datasets shows
that the traditional variational autoencoder could only achieve
an average error of 107.447 days, and they failed to predict a
cliff for classifying the anomaly and nonanomalous cases
[12,13]. Table 2 shows the absolute errors of direct LLM
predictions, demonstrating substantial bias, while Figure 5
highlights erroneous cases flagged by our fast detection method,
underscoring that our approach isintended to assist rather than
replace rehabilitation coordinators.
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To gain adeeper insight into the LLM’s prediction performance,
we examined the distribution of GPT-40 outputs using method
1 (as described in the previous section). Specifically, 14,751
nonanomalous cases were misclassified as anomalies, and 847
anomalieswere misclassified asnormal. Figure 6 illustratesthe
distribution of the key variables within these misclassified
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nonanomalous cases. Finger has the highest proportion of
misclassifications, at approximately 23%, whereas other body
parts each account for around 10%. In the “Nature of Loss’
variable, “Sprain & Strain” accounts for over 28% of the
misclassifications, followed by “Contusion & Bruise” and
“Laceration & Cut,” both of which exceed 15%; the remaining
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categories each fall below 10%. Regarding the Industry, the
Administrative and Support Service sector and the
Accommodation and Food Service Activities sector exhibit

Chenet a

notably higher proportions of misclassifications (over 20%)
relative to others. Finally, in the “Position Category” variable,
most misclassifications occur under the “unknown” category.

Figure 6. Distribution of large language model misclassifications nonanomal ous across the key variables (top 10).
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Figure 6 also suggests that certain misclassifications may arise
from incomplete data, such asthe absence of a position category,
which impairsthe LLM’s ability to predict the cliff accurately.
Without this critical information, the model must rely on its
intrinsic knowledge, leading to increased variability and
uncertainty. Additionally, for variables such as the nature of
loss, injured body parts, and industry type, human judgment is
also prone to significant bias, particularly in those variables
with high percentages of misclassification [13].
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LLM Direct Prediction Error Distribution

Figure 7 shows the distribution of absolute errorsfor raw LLM
day predictions; the mean error is 72 days, which indicates that
direct prediction yields deviations too large for practical use.
Therefore, we use the LLM as a fast anomaly filter that flags
cases whose realized sick leave exceeds an estimated upper
bound, rather than predicting sick leave days directly.
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Figure 7. Distribution of the large language model raw prediction absolute error.
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Case Study of Our Approach

In this case study, we analyze a51-year-old female worker who
sustained aback injury whilelifting aheavy basket of packaged
bread. Theinjury wasclassified under Body Parts: Back, Nature
of Loss: Sprain & Strain, and Cause: Injured whilst lifting or
carrying, with the worker employed as a packer in the
Accommodation and Food Service Activities industry. The
actual sick leave duration was 6 days, whilethe LLM predictions
for recovery duration were consistent across all methods: result
1=14 days, result 2=14 days, and result 3=14 days, leading to
cliff values of max_max=14 days.

The difference between the actual sick leave and the maximum
predicted cliff sick leave duration max_max was —8 days,
indicating that the actual recovery period was well within the
predicted range and did not exceed the anomaly cliff. This
demonstrates the effectiveness of the LLM-assisted method in
identifying cases that conform to expected recovery patterns,
ensuring that resources are not misallocated to cases that align
closely with typical recovery trajectories.
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Exploratory Insights From the Dataset

To examine anomalies, we present asalary box plot against age
in Figure 8. The top-left panel of the figure presents a box plot
of salary against age, where the median salary for each age
group is extracted to revea aclearer trend. The median salary
initially increases, peaking between ages 35 and 40, before
gradually declining. The top-right panel illustrates the
distribution of age countsfrom 18 to 80 years, showing aninitial
peak in the early 20s, followed by adecline until the 40s, after
which the number of casesrisesagain, reaching its highest peak
around the age of 55 years. The bottom-Ieft panel displays the
percentage of anomalies across different age groups, revealing
a steady increase in anomaly prevalence with age. Finaly, the
bottom-right panel illustrates the normalized age distributions
of both anomalies and nonanomalous, alongside the LLM’s
predicted anomalies and nonanomalous. The red line
(representing nonanomalous) closely mirrors the overall age
distribution, whilethe blueline (representing anomalies) steadily
increases and peaks near the age of 60 years. Notably, the
LLM’s predicted distributions aign closely with the
ground-truth trends.
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Figure8. Overview of salary and age distributionswith anomaly analysis. (A) Salary boxplot across ages. (B) Age distribution of al data. (C) Percentage

of anomaly across ages. (D) Age distribution of anomaly or normality data.
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Principal Findings

The performance of the proposed LLM-assisted anomaly fast
detection method demonstrates promising results, 110,346
deidentified work-injury cases between 2001 and 2024 from a
leading work injury management company in Hong Kong,
representing approximately 20% of all work injury incidentsin
the region. Compared to previous research, which primarily
assessed Al prediction accuracy by comparing it to work injury
case managers judgments, our study provides a more
comprehensive evaluation [12]. Prior studies demonstrated that
Al predictions could surpass human work injury case managers
in both nonanomalous and anomalous cases. However, while
they also attempted to predict anomaly cliffs, their findings did
not explicitly report the accuracy of such predictions. In contrast,
our approach ensures that the accuracy of anomaly cliff
prediction is systematically analyzed, contributing to a more
reliable anomaly detection framework.

InFigure 7, weillustrate the trend of salary changes, considering
salary as akey indicator of work experience. It is well known
that physical ability peaksin the 20s, remains stable or dightly
declines until around 30 - 35, and then drops significantly
thereafter [33,34]. Comparing this physical ability trend with
the salary trend, we observe that workers in their early 20s
possess peak physical strength but lack experience. Asaresult,
they may be more prone to injuries; however, their quick
recovery often prevents these cases from becoming anomalies.
This explains the initial peak in injury cases around the age of
20 years.
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By thetimeworkersreach their 30s, they have gained significant
experience (asindicated by higher salaries), whiletheir physical
ability has not yet declined substantialy. Consequently, the
number of work injury cases decreases between the ages of 30
and 40 years. However, after 40, salaries may begin to decline
dightly as workers are unable to maintain the same working
hours as before, while their physical ability drops sharply. This
results in a second peak in work-related injury cases. At this
stage, injuries are more severe, and recovery is less likely,
contributing to an increase in both the number and proportion
of anomalies.

Limitations and Future Directions

Thisstudy testsL L Msfor spotting unusual rehabilitation cases.
The models read injury diagnoses and accident notes, estimate
a normal recovery time, and flag cases that fall outside that
range. We judge the approach by how well it separates
nonanomalous from anomalies, not by exact prediction accuracy.
However, the limitations are that no comparison is made with
human rehab coordinators, only general-purpose LL Mswithout
medical models, and data from a single region; therefore, the
findings may not be generalizable. As LLMs improve, they
could streamline the rehabilitation triangle and resource
planning. This research can be readily transferred to other
rehabilitation systems within Hong Kong, but adaptation to
other regions would be domain specific due to significant
differences in work injury frameworks, legal and policy
requirements, and cultural practices.

Deterministic decoding with temperature 0.0 could further
enhance reproducibility. As a robustness check, future or
supplementary analyses can compare performance and schema
compliance at 0.0 versus 0.2 to quantify any trade-off between
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determinism and adherenceto output constraints. If comparable,
deployment would favor 0.0 to maximize reproducibility; if not,
a small nonzero temperature remains justified to preserve
formatting reliability under operational constraints.

Chenet a

than 110,000 Hong Kong work-injury cases, the method
improved classification efficiency; GPT-40 delivered the most
balanced accuracy, with DeepSeek-V3 and Qwen2:5-72B
Instruct close behind. Demographic analysisrevealsthat injuries

are more frequent yet milder in younger workers, whereasthose
aged 40 and above experience more anomalies, reflecting
reduced resilience. The approach advances data-driven
rehabilitation coordination and optimizes resource allocation.

Conclusions

We present an LLM-based approach that estimates expected
recovery time from injury records and flags deviations as
anomalies, streamlining rehabilitation triage. Tested on more
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Abstract

Background: 1n 2022, over 18,000 patients aged =70 years were hospitalized in the Netherlands for a hip fracture, with 50%
requiring geriatric rehabilitation after surgery. Increasing geriatric rehabilitation patient numbers, staff shortages, and rising
pressure on health care budgets make adequate care challenging. To make geriatric rehabilitation more future-proof, a stronger
focus on home-based rehabilitation is needed. Early identification of patientslikely to be discharged soon enablestimely discharge
planning and coordination of support at home. Early geriatric rehabilitation discharge planning may help organize home-based
rehabilitation more effectively by arranging home care services in advance. This can facilitate smoother transitions toward home
and prevent discharge delays, which isimportant to ensure optimal bed occupancy.

Objective: This study aims to develop machine learning (ML) models to predict a geriatric rehabilitation stay of 4 weeks or
less in a skilled nursing home for older patients after hip fracture surgery, using continuously monitored physical activity data
from the first week of geriatric rehabilitation and patient characteristics.

Methods: This prospective cohort study (January 2019-August 2024) included 100 patients. Patient characteristics and physical
activity data from the MOX1 accelerometer (Maastricht Instruments BV) were collected during the first rehabilitation week.
Principal component analysis was used to reduce the physical activity features. ML models were developed using Bayesian
hyperparameter optimization and refined if necessary. The performance of the single best-performing configuration per remaining
ML model type was evaluated, and the most important features for predicting the length of geriatric rehabilitation stay were
identified.

Results. Of the 3 ML models evaluated (support vector machine [SVM], ensemble of decision trees, and neura network), the
SVM achieved the highest performance, with 19 out of 20 correct predictions (accuracy=0.95, 95% CI 0.85-1.00; precision=0.91,
95% CI 0.71-1.00; recall=1.00, 95% CI 1.00-1.00; F;-score=0.95238, 95% CI 0.83-1.00; area under the curve [AUC]=0.97, 95%
Cl 0.83-1.00). The most important features for predicting the length of geriatric rehabilitation stay across the best-performing
ML models included the continuously monitored physical activity data, time in the emergency room, functional ambulation
category (FAC) at hospital discharge, age, Katz Index of Independence in Activities of Daily Living—6 (Katz-ADL6) at hospital
discharge, Montreal Cognitive Assessment (MoCA), availability of nonprofessional help, surgery type, Charlson Comorbidity
Index (CCl), gender, and hemoglobin level at hospital admission.
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Conclusions: This study developed several ML modelsto predict a geriatric rehabilitation stay of <4 weeksin askilled nursing
home for older patients after hip fracture surgery. Among these models, the SVM proved to be highly accurate in its predictions
with an accuracy of 0.95 (95% CI 0.85-1.00), precision of 0.91 (95% CI 0.71-1.00), recall of 1.00 (95% CI 1.00-1.00), F;-score

of 0.95 (95% CI 0.83-1.00), and AUC of 0.97 (95% CI 0.88-1.00).

(IMIR Rehabil Assist Technol 2026;13:€79331) doi:10.2196/79331

KEYWORDS

accelerometer; continuous physical activity monitoring; geriatric rehabilitation; hip fracture; length of stay; machine learning;

prediction

Introduction

In the Netherlands, more than 18,000 patients aged 70 years
and older were hospitalized with ahip fracturein 2022 [1]. After
hip fracture surgery, more than 50% of the patients are admitted
to ageriatric rehabilitation department at askilled nursing home
[2,3]. Geriatric rehabilitation is defined by the European
Consensus group as “a multidimensional approach involving
diagnostic and therapeutic interventions. Its purpose is to
optimize functional capacity, promote activity, and preserve
functional reserve and social participation in older people with
disabling impairments’ [4]. Based on incidence trends and
increasing life expectancy, the number of hip fracture patients
is expected to double by 2050 [5]. The expectation is that the
group of geriatric rehabilitation patients will also increase.
However, the number of professionals able to provide care for
these patientswill not grow at the same pace. In addition, health
care budgets are under increasing pressure [6]. Together, these
devel opments make the provision of geriatric rehabilitation care
increasingly challenging.

To make geriatric rehabilitation future-proof, a stronger focus
on home-based rehabilitation is essential, especially given the
shifting vision of Dutch health care that emphasizes treatment
closer to home [7]. Achieving this requires the early
identification of patientswho arelikely to be discharged within
4 weeks of geriatric rehabilitation admission. Such early
identification enables timely discharge planning and the
coordination of necessary support at home. The 4-week cutoff
marks the transition between shorter and longer rehabilitation
trgjectories, as defined by the Dutch Diagnosis Treatment
Combinations. Early geriatric rehabilitation discharge planning
may help organize home-based rehabilitation more effectively
by arranging home care services in advance. This can facilitate
smoother transitions toward home and prevent unnecessary
discharge delays, which is important for maintaining optimal
bed occupancy.

Early geriatric rehabilitation discharge planning requires
prediction models to make objective predictions for the length
of geriatric rehabilitation stay. By relying on data rather than
assumptions, these models enable more accurate discharge
planning. Machine learning (ML) is a subset of artificial
intelligence that enables computers to learn from data without
being explicitly programmed [8-10]. The use of ML for
developing length of stay prediction modelsin various medical
fields has shown promising results [8,10-12]. However, to the
best of our knowledge, no ML models exist that predict the
length of geriatric rehabilitation stay at a skilled nursing home

https://rehab.jmir.org/2026/1/€79331

for older patients following hip fracture surgery. In a recent
study, we identified factorsthat influence the length of geriatric
rehabilitation stay [13]. However, this study did not aim to
predict the exact length of geriatric rehabilitation stay, and its
multivariate model explained only 32% of the variance. This
suggests that additional factors influencing the length of stay
exist that were not included in the study. Since early
mobilization and physical activity enhance functional recovery,
continuously monitored physical activity using accelerometers
during the first week of geriatric rehabilitation might be a
relevant factor to include [14-16]. Another important factor
could be cognitive functioning, assessed with a cognitive
screening test, as patients with cognitive impairments may have
difficulty performing physiotherapy exercises[17].

The aim of this study is to develop ML models to predict a
geriatric rehabilitation stay of <4 weeks in a skilled nursing
home for older patients after hip fracture surgery, using
continuously monitored physical activity data from the first
week of geriatric rehabilitation and patient characteristics.

Methods

Study Design

A prospective cohort study was conducted from the first of
January 2019 until thefirst of August 2024. Older patients aged
=70 years who underwent hip fracture surgery at the Centre for
Geriatric Traumatology at Ziekenhuisgroep Twente (ZGT) and
rehabilitated at one of the 3 participating skilled nursing homes
(TriviumMeulenbeltZorg, ZorgAccent, and Carintreggeland)
were included. Exclusion criteria were pathological or
periprosthetic fractures, severe cognitive impairment, total hip
replacement, plaster allergy, or contact isolation. Patients were
enrolled one day after hip fracture surgery or one day before
discharge to one of the collaborating skilled nursing homes.

Data Collection

The primary outcome was the length of geriatric rehabilitation
stay at the skilled nursing homes, stratified into 2 lengths of
stay groups, including <4 and >4 weeks. Thisdivision was based
on the structure of the Dutch Diagnosis Treatment
Combinations, which fund geriatric rehabilitation and classify
rehabilitation trgjectories into one of 5 length of stay groups
(1-2, 2-4, 4-8, 8-13, and 13-17 weeks) [18,19]. The 4-week
cutoff corresponds to the transition point between shorter and
longer rehabilitation pathways.

For this study, the physical activity of al enrolled patients was
continuously monitored during the first week of geriatric
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rehabilitation. Patient characteristics up to the first week of
rehabilitation were collected from a transmural care pathway
database. This care pathway was implemented to synchronize
the care processes between the hospital and geriatric
rehabilitation departments and provide more insight into the
rehabilitation process of older patients after hip fracture surgery.
Patients with an incompl ete data collection (<5 days of physical
activity data of the first week of geriatric rehabilitation and/or
missing patient characteristics) were excluded from the data
analysis.

The physical activity of all enrolled patients was continuously
monitored using an MOX1 accelerometer (Maastricht
Instruments BV) attached with a custom-made patch 10 cm

Textbox 1. Patient characteristicsincluded in this study.

Krakerset d

proximal of the patella on the ipsilateral side of the operated
hip. Thissmall, lightweight, waterproof device (35x35x10 mm,
11 g, IPX8) contains a tri-axial accelerometer sensor, which
measures raw acceleration data for the X-, Y-, and Z-axes at a
sampling frequency of 25 Hz, storing the data directly in its
internal memory (1.5 GB) for up to 7 days. Data analysis was
performed offline after the raw accel eration datawere upl oaded
to acomputer viaa USB connection.

The collected patient characteristics (baseline, in-hospital,
hospital discharge, and geriatric rehabilitation variables; Textbox
1) were selected based on previous studies demonstrating their
value in predicting rehabilitation outcomes or length of stay
[20-31].

Baseline variables

« Age

o  Gender

«  Premorbid living situation

«  Living aone versus living together
« Availability of nonprofessional help
« Needfor climbing stairs

o  Prefracture Mobility Score (PFMS)

o Charlson Comorbidity Index (CCl)

o Short Nutritional Assessment Questionnaire (SNAQ)

In-hospital variables

«  Hemoglobin level at hospital admission
« Hipfracturetype

«  Time spent in the emergency room

«  Surgical treatment

«  Postoperative weight-bearing protocol

« In-hospital complications

Hospital discharge variables

«  Functional Ambulation Categories (FAC) at hospital discharge
«  Fracture Mobility Score (FMS) at hospital discharge

« Katz-ADLG at hospital discharge

«  Discharge destination (skilled nursing home)

«  Length of hospital stay

Geriatric rehabilitation variables

«  Montreal Cognitive Assessment (MoCA)

« Katz Index of Independence in Activities of Daily Living-6 (Katz-ADL6)

«  American Society of Anesthesiologists physical status classification (ASA) score

Data Analysisfor Accelerometer

The raw acceleration data were analyzed using a MATLAB
algorithm (R2024b; The MathWorks, Inc) developed and

https://rehab.jmir.org/2026/1/€79331

validated for older hospitalized patients by Van Dijk-Huisman
et a [32]. Thisresulted in the total intensity of physical activity
per day by determining the signal magnitude area of the
acceleration data; the total time spent sitting or lying, standing,
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and walking per day; the position classification (sitting or lying,
standing, walking) every 4 seconds; as well as the total
measurement time per day. The intensity of physical activity
reflectsthe raw accel erometer output and is expressed as counts
per day, not as categorical levels of activity. If the position
classification changed between 2 consecutive 4-second time
steps, it was defined as a transition. For each patient, the
following metrics were calculated for each day:

Theintensity of physical activity (counts per hour)

Time spent sitting or lying (minutes per hour)

Time spent standing (minutes per hour)

Time spent walking (minutes per hour)

Transitions between sitting or lying and standing (humber
of transitions per hour)

Transitions between sitting or lying and walking (humber
of transitions per hour)

Transitions between standing and walking (number of
transitions per hour)

Different features were extracted from each metric, including
the overall mean, overall SD, weekend mean, weekend SD,
weekday mean, weekday SD, median, IQR, root mean square,
variance, minimum value, maximum val ue, minimum-maximum
range, coefficient of variance, skewness, kurtosis, and
characteristics of the third-degree polynomial curve describing
the shape of the pattern. The characteristics of the third-degree
polynomia curve were defined as coefficients a, b, ¢, and d,
which were derived from the third-order polynomial equation:

y = ax® + bx? + cx + d. More detailed information about the
different continuously monitored physical activity features can
be found in Multimedia Appendix 1.

After data analysis, data within each of the 2 length-of-stay
groupswere randomly divided into atraining (80%) and testing
(20%) set, which were then combined to ensure class balance.

Feature Reduction

Principal component (PC) analysis, a common method for
feature dimensionality reduction, was applied exclusively to
the features extracted from the physical activity data of the
training set. Asapreprocessing step, the datawere standardized
to have zero mean and unit variance. Each PC, obtained after
applying PC analysis, consists of a weighted combination of
the features extracted from the physical activity data. The PCs
were sorted in decreasing order of their eigenvalues, indicating
how much of the data'svarianceis captured by its corresponding
PC. The PCs contributing to a cumulative explained variance
of 95% were selected asinput for the ML models.

Feature selection was also applied to the patient characteristics
of the training set. Features that did not occur or exhibited an
identical distribution between the 2 lengths of stay groupswere
excluded, as they provided no discriminative value for the ML
models. Feature selection was further guided by prior research
[13]. When variables were conceptually linked or measured
similar aspects of a patient’s condition, priority was given to
the variable that was more commonly used in clinical practice
or provided a more direct assessment of functional status. The
remaining patient characteristicswereincorporated into the ML
models along with the selected PCs.

https://rehab.jmir.org/2026/1/€79331
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ML Models

First, the performance of 5 commonly used supervised ML
modelsfor classification was considered: support vector machine
(SVM), neural network (NN), decision tree, naive Bayes (NB),
and an ensemble of decision trees (EoDT). These models were
selected because they represent a diverse set of widely used
supervised learning models, alowing for a comprehensive
evaluation of which modeling strategy is most suitable for this
clinical prediction task. For each model, hyperparameters were
optimized using Bayesian optimization with an
expected-improvement-plus acquisition function and tenfold
cross-validation on the training set. Bayesian optimization was
chosen because it enables efficient hyperparameter tuning and
allows for the development and comparison of multiple ML
models simultaneously.

For the SVM, 4 kernel functions (linear, radia basis function,
polynomial, and Gaussian) were eval uated separately, allowing
the kernel-related model performance to be systematically
compared. For each kernel, Bayesian optimization tuned the
remaining hyperparameters. For the NN, decision tree, NB, and
EoDT, all model-specific hyperparameterswereincluded inthe
Bayesian optimization procedure. The optimal hyperparameter
values for each ML model were determined by the minimum
observed value of the objective function.

Running Bayesian optimization for all models over many
iterations can be computationally expensive. Therefore, model
performance was eval uated after thefirst 30 iterationsto identify
a subset of well-performing models. In this screening phase,
multiple configurations of the same model type, for example,
the SVM models with different kernels, could be retained if
they showed similar performance. The area under the receiver
operating characteristic curve was used for initial model
comparison, after which the model swith the highest area under
the curve (AUC) underwent continuous Bayesian optimization
for an additiona 30 iterations. Subsequently, the fina
hyperparameters of these ML modelswere evaluated. If notable
deviations were identified, a new ML model was trained with
adjusted hyperparameters.

Finaly, only the single best-performing configuration per
remaining ML model type was evaluated on the test set. Model
performance was assessed using the confusion matrix, actual
length of stay of the misclassified patients, accuracy score,
precision score, recall score, F;-score, and AUC. Cls were
obtai ned using bootstrap resampling; the test set was resampled
with replacements 1000 times while keeping the training set
and ML models fixed. The 95% Cls were defined by the 2.5th
and 97.5th percentiles. A Shapley Additive Interpretation
(SHAP) summary plot based on the test set was used to
determine the relationship between the 2 length of stay groups
and its main predictors for each of the best-performing ML
models [33]. The overall best-performing ML model was
retrained and retested using 2 additional dataset configurations,
(1) patient characteristics only and (2) physical activity data
only, to conduct an ablation study evaluating the contribution
of each dataset compared with the combined datasets.
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Ethical Consider ations

TheMedical Ethical Committee of Twente stated that this study
did not require an assessment by the Medical Ethical Committee
according to Dutch law. The study was approved by the
Ingtitutional Review Board of ZGT (ZGT17-40). All patients
gave written informed consent to participate. Study data obtained
from the enrolled patients were deidentified and managed in
accordance with relevant data protection regulations. Patients
did not receive any financial or material compensation for their
participation.

Results

Patient Characteristicsand Physical Activity Data

A total of 142 older patientswereincluded in this study (Figure
1). Of these, 42 were excluded due to incompl ete data (<5 days
of physical activity data of the first week of geriatric
rehabilitation and/or missing patient characteristics). The
missing physical activity data were mainly caused by

Figure 1. Flowchart patient recruitment.

Krakerset d

sensor-related issues, such as battery depletion and removal of
the device for charging and data upload. Thisresulted in afinal
sample of 100 patients. Patients were divided into <4 weeks
(n=50) and >4 weeks (n=50) length of geriatric rehabilitation
stay and subsequently split into a training and test set. The
distribution of the length of geriatric rehabilitation stay of both
sets can be seen in Figure 2. Patient characteristics of the
training and test set are shown in Table 1. The mean agein the
<4 weeks group was 84.5 (SD 5.9) years, while the mean age
in the >4 weeks group was 82.8 (SD 6.9) years. The median
Montreal Cognitive Assessment (MoCA) scorewas 21.5 (IQR
18-24) and 19.5 (IQR 17-22.5), respectively. The patient
characteristics of the test set showed similar results.

Individual patient trajectories of intensity of physical activity
during thefirst 7 days of geriatric rehabilitation are displayed,
along with the mean intensity for patients with alength of stay
of 4 weeks or less and for those with more than 4 weeks,
including 95% CI (Figure 3).

Department of Trauma Surgery at

skilled nursing homes

ZorgAccent, and Carintreggeland).

Patients who underwent hip fracture surgery at the

January 1, 2019, and August 1, 2024, aged 270 years,
and rehabilitated at one of the three participating
(TriviumMeulenbeltZorg,

ZGT between

Pathological of periprosthetic hip
fractures, severe cognitive impairment,
total hip replacement, plaster allergy,
or contract isolation.

142 patients

of

Incomplete data collection (<5 days of
physical activity data of the first week

missing patient characteristics)

geriatric rehabilitation and/or

100 patients

Length of stay <4 weeks Length of stay >4 weeks
n=50 n=50
e —— —L—
Training Test set Training Test set
set n=40 n=10 setn=40 n=10
(80%) (20%) (80%) (20%)
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Figure 2. Length of geriatric rehabilitation stay (days): training set vs test set.
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Table 1. Patient characteristics training and test set.

Krakerset d

Petient characteristics training and test set

Training set

Length of geriatric rehabilitation stay

<4 weeks (n=40)

>4 weeks (n=40)

Test set

Length of geriatric rehabilitation stay

<4 weeks (n=10)

>4 weeks (n=10)

Baseline variables
Age (years)? mean (SD)
Female (gender)? n (%)
Premorbid living situation?, n (%)
Independent without home care services

Independent with home care services

Residential home
Living together?, n (%)
Availability nonprofessional help?, n (%)
Need for climbing stairs?, n (%)
PFMS*® 1 (%)
1-Freely mobile without aids
2-Mobile outdoors with one aid

3-Mobile outdoors with 2 aids or frame

4-Someindoor mobility but never goesoutside
without help

5-No functional mobility
Premorbid Katz-ADL6%C, median (IQR)
cc1®d median (IQR)
ASA®score®, n (%)

ASA 1

ASA 2

ASA 3

ASA 4

ASA 5
SNAQ?, median (IQR)

In-hospital variables

Hemoglobin level at hospital admission? median

(IQR)
Hip fracturetype, n (%)
Femoral neck

Subtrochanteric femur

Timein the emergency room in minutes®, median

(IQR)

Surgical treatment?, n (%)
Dynamic hip screw
Intramedullary nail
Hemiarthroplasty

84.5 (5.9)

27 (68)

30 (75)
9(23)
1(3)
12 (30)
31(78)

11 (28)

20 (50)
4(10)
16 (40)
0(0)

0(0)
0(0-0)

1(0-2)

0(0)
15 (38)
23 (58)
2(5)
0(0)
0 (0-0)

7.9(7.6-8.7)

24 (60)
16 (40)
133.5 (103.5-168.0)

3(8)
15 (39)
22 (55)

82.8 (6.9)

33(83)

26 (65)
14 (35)
0(0)

14 (35)
38 (95)

7(18)

11 (28)
1(3)
27 (68)
1(3)

0(0)
0(0-1)

1(0-2)

2(5
10 (25)
22 (55)
6 (15)
0(0)

0 (0-0)

7.8(7.5-8.6)

17 (43)
23 (59)

133.0 (106.5-
161.0)

3(8)
25 (63)
12 (30)

82.8 (6.0)

7(70)

8 (80)
1(10)
1(10)
2(20)
6 (60)

4 (40)

5 (50)
1(10)
4(40)
0(0)

0(0)
0(0-0)

0(0-1)

1(10)
4(40)

3(30)

2(20)

0(0)

0 (0-0)

7.9(7.5-8.1)

5 (50)
5 (50)
104.5 (82.0-155.0)

2(20)
5 (50)
3(30)

82.2 (6.9)

8 (80)

9 (90)
1(10)
0(0)

7(70)
7(70)

3(30)

4 (40)
2(20)
4 (40)
0(0)

0(0)
0(0-1)

1(0-3)

1(10)
1(10)
6 (60)
2(20)
0(0)

0 (0-0)

7.9(6.0-8.3)

3(30)
7(70)
158.5 (124.0-184.0)

1(10)
6 (60)
3(30)
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Patient characteristics training and test set Training set Test set

Length of geriatric rehabilitation stay Length of geriatric rehabilitation stay
<4 weeks (n=40) >4 weeks (n=40) <4 weeks (n=10) >4 weeks (n=10)

Postoper ative weight-bearing protocol?, n (%)

Full weight-bearing 40 (100) 36 (90) 10 (100) 9(90)
Partial or non—weight-bearing 0(0) 4 (10) 0(0) 1(10)
In-hospital complications, n (%)
Anemia® 6(15) 7(19) 1(10) 3(30)
Heart failure® 109 2(5) 00 1(10
Pressure ulcers? 3(8) 2(5) 0(0) 0(0)
Ddlirium? 1(3) 5(13) 0(0) 0(0)
Pulmonary embolism? 0(0) 1(3) 0(0) 0(0)
Kidney failure® 0(0) 1(3) 0(0) 0(0)
Pneumonia® 3(8) 4(10) 0(0) 0(0)
Urinary tract infection® 2(5) 103 1(10) 0(0)
Fall incident 0(0) 0(0) 0(0) 0(0)
Wound infection 0(0) 0(0) 0(0) 0(0)
Reoperation 0(0) 0(0) 0(0) 0(0)
Others 8(20) 8(20) 3(30) 0(0)
Hospital discharge variables
FACY at hospital discharge?, n (%)
0-No functional mobility 0(0) 5(13) 0(0) 1(10)
1-Dependent in mobility level 2 1(3) 4 (10) 0(0) 4 (40)
2-Dependent in mobility level 1 9(23) 17 (43) 0(0) 2(20)
3-Independent mobility under supervision 22 (55) 9(23) 8(80) 1(10)
4-Independent mobility on aflat surface 8(20) 5(13) 2(20) 2(20)
FMS" at hospital discharge, n (%)
1-Freely mobile without aids 0(0) 0(0) 0(0) 0(0)
2-Mobile outdoors with one aid 0(0) 0(0) 0(0) 0(0)
3-Mobile outdoors with 2 aids or frame 3(8) 2(5) 1(10) 0(0)
4-Someindoor mobility but never goesoutside 37 (93) 33(83) 9(90) 9(90)
without help
5-No functional mobility 0(0) 5(13) 0(0) 1(10)
Katz-ADL6 at hospital discharge?, median (IQR) 4 (4-4) 4(4-5) 4.5 (4-5) 4(4-5)
Rehabilitation department skilled nursing home, n (%)
Skilled nursing home A 22 (55) 23 (58) 9 (90) 5 (50)
Skilled nursing home B 12 (30) 13(33) 1(10) 3(30)
Skilled nursing home C 6 (15) 4(10) 0(0) 2(20)
Length of hospital stay in days?, median (IQR) 7(6-9) 8(6.5-9) 6.5 (6-8) 7(6-8)

Geriatric rehabilitation variables
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Patient characteristics training and test set Training set

Length of geriatric rehabilitation stay
<4 weeks (n=40)

Test set
Length of geriatric rehabilitation stay

>4 weeks (n=40) <4 weeks (n=10) >4 weeks (n=10)

MoCA®, median (IQR) 21.5 (18-24)

19.5 (17-22.5) 21 (20-25) 23 (18-26)

3patient characteristics included in the ML models.
bPEMS: Prefracture Mobility Score.

’Katz-ADL6: Katz Index of Independencein Activities of Daily Living-6.

dccl: Charlson Comorbidity Index.

€ASA: American Society of Anesthesiologists physical status classification.

fSNAQ: Short Nutritional Assessment Questionnaire.
9FAC: Functional Ambulation Categories.

PEMSS: Fracture Mobility Score.

'MOCA: Montreal Cognitive Assessment.

Figure 3. Intensity of physical activity with individual trajectories of the training set and mean physical activity intensity with 95% ClI.
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Feature Reduction

After applying PC analysis for the feature reduction of the
features extracted from the physical activity data, 79 PCswere
obtained. The graph of cumulative explained variance versus
the number of PCs shows that 19 PCs explained 95% of the
variance (Multimedia Appendix 2; Figure S1). These 19 PCs
wereincluded in the ML models.

In-hospital fall incidents, in-hospital wound infections,
in-hospital reoperations, and other in-hospital complications
were excluded because none of these complications occurred
or the distributions were identical between the 2 lengths of stay
groups. Hip fracture type was excluded from the ML models
because it is strongly associated with surgical treatment [13].
Surgical treatment was regarded to be more patient-specific, as
it depends on both fracture type and patient condition. FM S at
hospital discharge was also excluded dueto its strong association
with functional ambulation category (FAC) at hospital discharge
[13]. The FAC was considered more relevant becauseit ismore
widely used in geriatric rehabilitation to assess patient progress.

https://rehab.jmir.org/2026/1/€79331
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Similarly, admission to which skilled nursing home was
excluded due to its association with FAC at hospital discharge
[13]. Notably, skilled nursing home A had more patients with
lower FAC scores at hospital discharge compared to B and C.
Thiswas a coincidence, as the skilled nursing home placement
procedure does not depend on the FAC. The FAC at hospital
discharge was prioritized for its greater clinical relevance.

ML Models

Based onthe AUC of each ML model after thefirst 30 iterations
(MultimediaAppendix 2; Figure S2), the SYM, NN, and EoDT
ML modelswere selected for continuous Bayesian optimization.

The evaluation of the final hyperparameters after Bayesian
optimization resultedin an NN consisting of only onelayer with
2 neurons. Since this architecture was considered too ssimple
and likely insufficient for capturing the complexity of the data,
a new NN with 2 layers containing 102 and 51 neurons,
respectively, was trained for further evaluation.

Figure 4 presents the confusion matrices of the final
best-performing configuration of each remaining ML model
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type (SVM, EoDT, and NN) for the test set. The confusion
matrix evaluates the performance of the ML models by
comparing the actual length of stay with the predicted length

Krakerset d

of stay generated by the models. This provides an overview of
the number of correctly classified and misclassified patients.

Figure4. Confusion matrices of the final best-performing machine learning (ML) models (support vector machine [SVM], ensemble of decision trees

[EoDT], and neural network [NN]) tested on the test set (n=20).
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The performance of thefinal best-performing ML models, along
with the actual length of stay for patients misclassified as <4
weeks, is presented in Table 2. The overall best results were
achieved using the SVM model with a linear kernel
(accuracy=0.95, 95% CI 0.85-1.00; precision=0.91, 95% ClI
0.71-1.00; recall=1.00, 95% CI 1.00-1.00; F;-score=0.95238,

95% Cl 0.83-1.00; AUC=0.97, 95% CI 0.83-1.00). The
misclassified <4 weeks group included one patient with an actual
length of stay of 42 days. The EoDT misclassified 3 patients
with lengths of stay of 29, 29, and 42 days, while the new NN
misclassified 4 patients with lengths of stay of 29, 30, 41, and
42 days.

Table 2. Evaluation of final best-performing machine learning (ML) models (SVM?, EoDTb, and neural network).

Machinelearning  Accuracy (95%Cl) Precision (95% Cl) Recall Fi-score (95% Cl)  ayc® (95%Cl) Actud Lo< misclassified
models (95% Cl) <4 weeks patients
SVM (linear ker-  0.95 (0.85-1.00) 0.91 (0.71-1.00) 1.00 (1.00- 0.95 (0.83-1.00) 0.97(0.88-1.00) 42 days
nel) 1.00)
Ensemble-trees 0.85 (0.70-1.00) 0.77 (0.50-1.00) 1.00 (1.00- 0.87 (0.67-1.00) 0.97(0.88-1.00) 29, 29, and 42 days
1.00)
New neural net- 0.80 (0.60-0.95) 0.71 (0.47-0.93) 1.00 (1.00- 0.83(0.64-0.97) 0.92(0.78-1.00) 29, 30, 41, and 42 days
work 1.00)

83V M: support vector machine.
PEODT: ensemble of decision trees.
CAUC: area under the curve.

dLos: length of stay.

The 10 most important features of the final best-performing ML
models, ranked from most to least impactful, and their influence
on predictions can be seen in the results of the SHAP analysis
(Figure 5). Each dot represents a patient from the test set, with
itscolor indicating the actual feature value (predictor value: red
for high values and blue for low values). The SHAP value of
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each dot represents the contribution of that feature to the
prediction for an individual patient. It indicates how much the
feature pushes the prediction toward one length of stay group
or the other. Negative SHAP values push the prediction toward
alength of stay of <4 weeks, while positive SHAP values push
it toward alength of stay of >4 weeks.
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Figure5. Shapley Additive Interpretation (SHAP) summary plots: the 10 most important features ranked from most to least impactful and their influence

on predictions.
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For example, in the Shapley summary plot of the SYM (linear
kernel) model, the feature availability of nonprofessional help
appears blue on the right. This indicates that patients with no
availability of nonprofessional help (0=no availability,
1=availability) have positive SHAP values, pushing predictions
toward a length of stay of >4 weeks. Based on the SHAP
analysis, it can be seen that the most important features for
predicting the length of geriatric rehabilitation stay, across the
3 best-performing ML models, were the PCs (weighted
combinations of features extracted from the physical activity
data); time in the emergency room (ER); FAC at hospital
discharge; age; Katz Index of Independence in Activities of
Daily Living-6 (Katz-ADLG6) at hospital discharge; MoCA;
availability of nonprofessional help; surgery type; Charlson
Comorbidity Index (CCI); gender; and hemoglobin level at
hospital admission.

In the ablation study, the best-performing ML model trained on
physical activity data only outperformed the model trained on
patient characteristics only. The combined dataset yielded the
highest predictive performance. The confusion matrices and
detailed performance metricsfor the ablation study are provided
in Multimedia Appendix 3.

Discussion

Principal Findings

This study developed ML models for the early prediction of a
geriatric rehabilitation stay of <4 weeksin older patients after
hip fracture surgery, using continuously monitored physical
activity dataand patient characteristics. Thisresulted in several
ML models with varying overall predictive performance. The
SVM was the best-performing model, demonstrating excellent
predictive capability with an accuracy of 0.95 (95% ClI

https://rehab.jmir.org/2026/1/€79331
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0.85-1.00), precision of 0.91 (95% CI 0.71-1.00), recall of 1.00
(95% CI 1.00-1.00), F,-score of 0.95 (95% CI 0.83-1.00), and
AUC of 0.97 (95% CI 0.88-1.00). Theseinitia results suggest
that early prediction of ageriatric rehabilitation stay of <4 weeks
is promising.

In our previous study, the FAC at hospital discharge, premorbid
living situation, postoperative weight-bearing protocol, surgery
type, in-hospital delirium, and in-hospital heart failure were
identified as key factors affecting the length of geriatric
rehabilitation stay [13]. Among all these previously identified
predictors, the current study confirmed that FAC at hospital
discharge and surgery type are key features for predicting a
geriatric rehabilitation stay of <4 weeks. Postoperative
weight-bearing protocol, in-hospital delirium, and in-hospital
heart failure did not emerge as key predictors in the
best-performing models. A possible explanation is that these
factors occurred relatively infrequently in our study population,
limiting their predictive power in this context. Furthermore,
whereas the previous study focused solely on identifying
predictors for the length of geriatric rehabilitation stay, the
current study devel oped and evaluated actual prediction models,
offering potential for early discharge planning.

A substantial amount of other research also exists on thefactors
influencing the length of stay after hip fracture surgery.
However, many of these studies focus on factors influencing
the length of hospital stay [28,30], or thelength of stay in other
rehabilitation settings (eg, private care rehabilitation, in-hospital
rehabilitation, or both the acute hospital and rehabilitation
phases) [21-24], making them difficult to compare with this
study. These previously identified predictors for the length of
geriatric rehabilitation stay include age [22-24]; fracture type
[22]; American Society of Anesthesiologists physical status
classification score [20,21]; complications (wound infection,
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delirium, urinary tract infection, and pneumonia) [22,23];
comorbidities (Parkinson disease, diabetes, and dementia)
[22-24]; gait status at hospital discharge [20]; living situation
prior to the hip fracture (alone or together) [24,25]; use of
mobility aids prior to the hip fracture [21,25]; Barthel score at
geriatric rehabilitation admission [25]; Functiona Independence
Measure score at rehabilitation admission [23]; Abbreviated
Mental Test Score (AMTS) [21]; and pain score at rehabilitation
admission [24]. Among these previoudly identified predictors,
this study further confirmed that age, comorbidities (CCl), gait
status at hospital discharge (FAC), an assessment tool to
evaluate a patient’s functional ability to perform activities of
daily living (Barthel score or Katz-ADL 6), and acognitive score
(AMTS or MoCA) are key features for predicting a geriatric
rehabilitation stay of <4 weeks.

Unlike previous studies, which did not incorporate continuously
measured physical activity, this study included this aspect,
providing a more detailed insight into the effect of physical
activity on the length of geriatric rehabilitation stay.
Consequently, the PCs (weighted combinations of features
extracted from the physical activity data) of this study emerged
as one of the most important features for predicting a geriatric
rehabilitation stay of <4 weeks. The findings of this study
underscore the critical role of physical activity and align with
previous studies emphasizing the positive impact of early
mobilization and physical activity on the functiona recovery
of hip fracture patients [14-16,34]. Recent research further
supports this by demonstrating that higher levels of physical
activity at the time of rehabilitation admission are associated
with greater independence in activities of daily living at
discharge [35]. Early mobilization may help maintain postural
muscle function, leading to improved functional recovery [35].
In contrast, prolonged bed rest, associated with low levels of
physical activity, has been linked to a decline in physical
function and reduced independence in activities of daily living
due to decreased oxygen consumption, metabolic changes, and
muscle atrophy [36,37]. Patients with lower physical activity
levels at rehabilitation admission may experience sower
functional recovery, prolonged dependencein activities of daily
living, and consequently alonger geriatric rehabilitation stay.

In addition to physical activity, this study identified other
important predictors of the length of geriatric rehabilitation stay
that have not been examined before in previous research.
Specifically, the availability of nonprofessional help, time in
the ER, and hemoglobin level at hospital admission emerged
asimportant predictors. The availability of nonprofessional help
was included as it represents a key aspect of functional social
support (social relationships that fulfill particular functionsin
times of need), which has been shown to be associated with
rehabilitation outcomes in older adults with hip fractures [27].
Time spent in the ER was included, as recent research hasfound
an association with hospital length of stay [30], although the
reason for this association remains unclear. Hemoglobin level
at hospital admission was also included, as recent research has
found an association with hospital length of stay dueto delayed
recovery and increased complication risk in patients with low
hemoglobin levels[28].

https://rehab.jmir.org/2026/1/€79331
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The remaining most important feature across all ML models,
gender, also does not align with previoudly identified predictors
of the length of geriatric rehabilitation stay. However, gender
has been included as a variable in earlier studies, although it
was not found to be a significant predictor. A possible
explanation for its role as a key feature in this study, but not in
previous ones, may lie in the use of different analytical
techniques. In this study, we used ML techniques, whereas
previous research relied on traditional statistical analyses.

Overall, while many of thekey featuresfor predicting ageriatric
rehabilitation stay of <4 weeks identified in this study align
with previous research, this study also uncovered other
predictors, including weighted combinations of features
extracted from continuously measured physical activity data,
availability of nonprofessional help, and time spent in the ER.
These findings highlight the potential influence of factors often
overlooked in traditional statistical analyses.

When examining the misclassified <4 weeks patients of the 3
best-performing ML models in more detail, the EoDT has 2
patients with a length of stay of 29 days, and the new NN has
one patient with alength of stay of 29 days and another with a
length of stay of 30 days. However, misclassifying a 29- and
30-day stay as <4 weeks may not be a clinically significant
issue, as it is close to 28 days. Furthermore, the new NN
misclassified apatient with alength of stay of 41 days. However,
this patient developed a complication during rehabilitation,
which may have contributed to the incorrect prediction. Since
complications occurring after the first seven days of geriatric
rehabilitation are not taken into account in the model s, this may
explain the misclassification. In clinical practice, however,
treatment plans are adjusted when complications arise, meaning
that such a case would likely have been identified as requiring
alonger stay regardless. The other 3 misclassified patients across
the 3 best-performing ML models had a length of stay of 42
days. No clear explanation was found based on the available
data

Strengthsand Limitations of This Study

To the best of our knowledge, thisis the first study to develop
and compare ML modelsfor predicting ageriatric rehabilitation
stay of <4 weeks in a skilled nursing home at an early
rehabilitation stage, using anovel experimental approach with
continuously monitored physical activity data and patient
characteristics in older patients after hip fracture
surgery. Ancther strength of our study is the inclusion of a
diverse range of features from both the physical and social
domains, with particular emphasis on the integration of
continuously monitored physical activity data. In addition, the
MOX1 accelerometer was well tolerated by patients and was
easily integrated into the clinical workflow, requiring minimal
effort from clinical staff and demonstrating the feasibility of
continuous activity monitoring in this popul ation.

Regarding the limitations, a complete dataset was required for
ML model development, leading to the exclusion of many
patients due to missing asingle feature. No dataimputation was
applied in this study, as the aim was to avoid introducing
potential bias from imputed values. This requirement for
complete data reduced the sample size. A practical limitation
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contributing to missing physical activity data was the inability
to check the battery level of the MOX1 accelerometer during
use. Although the lights of the accelerometer show whether it
isactively measuring, clinical staff did not routinely check this,
as the wearable required no daily attention. As a result,
wearables occasionally ran out of battery unnoticed, leading to
the loss of multiple days of activity data. While model
performance was already high, having complete data for all
patients could have potentially increased the reliability and
robustness of the analyses. Second, given the focus on ML
model development, the sample size may be relatively small,
making some models prone to overfitting. To mitigate thisrisk,
techniques such as cross-validation and feature reduction were
applied. Third, although length of geriatric rehabilitation stay
is a continuous variable, this study formulated the problem as
aclassification task (<4 weeksvs >4 weeks). This cutoff reflects
aclinically meaningful decision point with substantial impact
on early discharge planning. For clinicians, knowing after one
week whether apatient islikely to be discharged within 4 weeks
is far more actionable than attempting to predict the exact
number of days. Predicting the exact length of stay in days
would introduce unnecessary complexity, require substantially
more data, and is not essential for guiding early clinical
decisions. Therefore, we consider the current classification
framework to be the most suitable and clinically relevant
approach for guiding early discharge planning. Future research
is recommended to explore appropriate data imputation
strategies in a cautious manner, to reduce data loss while
ensuring that bias is not introduced. For categorical patient

Krakerset d

characteristics such as the availability of nonprofessional help,
imputation may be challenging and not always be desirable,
highlighting the need for careful consideration of which
variables to impute. In addition, future work is recommended
to validate the models with a larger patient population, refine
them if necessary, and integrate the best-performing model into
clinical practice.

Clinical Interpretation

The results of this study indicate that early prediction of a
geriatric rehabilitation stay of <4 weeks or less in a skilled
nursing home for older patients after hip fracture surgery is
feasible. This marks the first step toward a more future-proof
geriatric rehabilitation system. ldentifying patients with an
expected stay of <4 weeks or less after 7 days of rehabilitation
enables timely discharge planning and coordination of support
at home. Such planning can smooth the transition toward home
and prevent discharge delays, which is important to ensure
optimal bed occupancy.

Conclusion

Several ML models were developed to predict a geriatric
rehabilitation stay of <4 weeks in a skilled nursing home for
older patients after hip fracture surgery, using continuously
monitored physical activity datafrom thefirst week of geriatric
rehabilitation and patient characteristics. Among these models,
the SVM proved to be highly accurate in its predictions with
an accuracy of 0.95 (95% CI 0.85-1.00), precision of 0.91 (95%
Cl 0.71-1.00), recall of 1.00 (95% CI 1.00-1.00), F;-score of

0.95 (95% CI 0.83-1.00), and AUC of 0.97 (95% CI 0.88-1.00).
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Abstract

Background: Proprioception training is essential for restoring knee function in several medical conditions. Open kinetic chain
(OKC) and closed kinetic chain (CK C) exercises are used in active movement interventionsto enhance proprioception. Exergames,
supported by wearable sensors, offer asolution by providing real-time feedback. Auditory feedback (AF) embedded in the serious
game training has shown benefits in upper limb rehabilitation compared to visual feedback (VF) aone. However, the potential
of AF in exergames that provide kneetraining is not known.

Objective: This study presents an exergame platform aimed at enhancing knee joint proprioception through stretching and
sguatting exercises. The platform allows to provide feedback in 2 modes, namely, VF only and acombination of AF and VF. The
AF indicates the joint position by adjusting the loudness of the sound. The VF maps the motion of the lower limb into the game
space, where thisinformation is used to control a game object. A randomized controlled trial with 14 participants compared AF
to VF only. The hypothesis was that AF would improve kneejoint position accuracy, enhancing neuromuscular coordination and
lower limb stability.

Methods: A randomized controlled trial was conducted within 14 healthy volunteers to test the exergames for knee joint motor
learning using augmented feedback. All participants were required to do a pretest consisting of half and full squats and two tasks,
inwhich participants were asked to reproduce a 45-degree knee bend and to stretch their kneefully. After that, participants played
4 rounds of each of the 2 exergames. Then the tasks of the pretest were repeated. A 1-sided Mann-Whitney U test was conducted
for answering whether AF has a positive effect on the ability of participantsto accurately control the knee joint angle. In addition,
we cal culated the muscle synergi es parti cipants used to compl ete the exercises. Subjective gaming experience was assessed using
the Intrinsic Motivation Inventory and the User Experience Questionnaire.

Results: A total of 14 participants were recruited, including 7 in the experimental group with AF, and 7 in the control group
only with VF. The result of the Mann-Whitney U test demonstrated that augmented feedback improved knee joint accuracy
compared to VF in both the CKC (statistics=41.0; P=.04) and OKC (statistics=42.0; P=.03) tasks. Additionally, muscle synergy
analysis revealed high consistency in different muscle synergy patterns between groups across both game types.

Conclusions: Augmented feedback significantly enhanced knee joint motor learning performance (reflected in the knee joint
angle positioning ability) in both CKC and OK C exergame training. Consistent muscle synergy patterns across participants show
that the devel oped exergames are suitable for knee training. Studies in patient populations are needed to establish whether the
games could be used in lower limb rehabilitation.

Trial Registration: Clinical Trials.gov NCT07141290; https://clinicaltrials.gov/study/NCT07141290
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Introduction

Background and Rationale

Proprioceptive training has been reported to be beneficia in
restoring knee joint function among clinical populations and
athletes. For example, rehabilitation by means of physical
therapy can restore this proprioception in patients with knee
osteoarthritis [1].

According to Aman et a [2], proprioceptive training can be
further divided into 5 types. These are active movement and
balance training, passive movement training, somatosensory
stimulation training, somatosensory discrimination training,
and combined and multiple system training. The meta-analysis
does not cometo a clear conclusion on which of these training
typesis superior. It aso highlights that one major limitation of
the field is that there is no clear definition of the term
proprioceptive training. To overcome this, the authors suggest
that thisterm should be reserved for studiesthat train only based
on somatosensory signalswhile excluding other modalities such
asvision [2]. Winter et a [3] suggest a broader definition that
includes any intervention aiming to improve proprioception
with the ultimate goal to enhance motor function. Thisdefinition
is the one that applies to most serious games, as they usually
involve visual feedback (VF). Winter et a [3] also concluded
that active movement interventions are an important aspect of
proprioceptive training. Therefore, serious games that contain
active movement interventions could be beneficial to improve
proprioception.

In physiotherapy, active movements such as open kinetic chain
(OKC) and closed kinetic chain (CKC) exercises are used to
strengthen the muscles of the knee joint [4]. OKC exercises
consist of free movement of the distal joint in space without
any loading, such as seated leg extensions, termina knee
extension exercises, hamstring curls, and calf pumps[5]. OKC
exercises isolate specific muscle groups, enabling precise,
targeted strengthening. Furthermore, OK C exercisescanincrease
the range of motion in patients with anterior cruciate ligament
injury [6]. In contrast to OKC exercises, CKC exercises fix or
load a distal segment, thereby prohibiting free movement of
that segment [5]. Prominent examples of CKC exercises are
squats and lunges. CKC exercises promote the cocontraction
of muscles to stabilize and control joint movements [6].

In the rehabilitation context, patientsideally would train 3to 7
days per week. However, due to the lack of physiotherapists,
several sessions need to be carried out unsupervised. Exergames
are an option for providing feedback, while patients with
impairments of the upper and lower limbs, gait disorders,
balance disorders, visual-spatial disorder, or cognitive disorder
train independently [7]. Especially, video exergames become a
promising option for engaging patients in rehabilitative
exercises. As reviewed by Gelineau et a [8], for the physical
rehabilitation exergames, nonspecific video game systems (eg,

https://rehab.jmir.org/2026/1/€78525

Nintendo Wi and Xbox Kinect) need to be combined with
specific rehabilitation systems (eg, Rehabilitation Gaming
System and virtual gloves) or specific rehabilitation devices
(eg, Hand Mentor Pro and Polhemus 3) to achieve satisfying
training results in patients with stroke [8].

Therehabilitation systemsthat can be combined with exergames
usually contain sensorsto track the participant’smotion. Inertial
Measurement Units (IMUs), which measure linear accel eration
and angular accel eration, can be used to monitor kinetic motion
parameters[9]. In addition, some devices use el ectromyography
(EMG) to extract information on the activation of different
muscle groups [10,11]. Metrics derived from these different
sensor modalities can be used to calculate, analyze, and predict
whether a user accomplishes the prescribed exercises. The use
of sensorized systems makes it possible to inform exergame
users about the knowledge of results (KOR), which can be used
asextrinsic feedback. The KOR isdefined asinformation about
the measured error between the terminal limb position and the
given target position [12]. Traditionally, most video games use
avisual representation to inform users about the KOR.

Augmented feedback has been suggested as a strategy to
enhance the performance of rehabilitation training with
exergames. Among the different feedback modalities that have
been suggested for motor learning, auditory feedback (AF),
which converts movement-related data into sound, has been
successfully used in tasks with low functional task complexity.
Sounds can either be used to warn participants (alarms), to make
them more aware of their movements (motion sonification), or
to amplify errors (error amplification) [13]. The decrease in
performance when feedback is removed is smaller in AF as
compared to VF, indicating that participants who receive AF
do not become dependent on the presence of the feedback [14].

For proprioceptive training in older adults, a combination of a
commercialy available stepping game (Stomp it) and a game
in which participants have to kick a virtual ball (Sport Kinect
target kick) or prevent a ball from entering the goal (Sport
Kinect goal keeper game) has been investigated. These games
mainly focus on OKC tasks. Furthermore, the games that are
related to soccer playing require amix of knee movement and
balancing. The feedback in the games is mostly VF. To assess
the effect of an 8-week training program with these games,
participants were asked to reproduce knee angles when seated.
The instructions for the knee angle reproduction assessment
were given with atactileinterface. Participantswere blind folded
during this procedure. Participants of the intervention group
reduced the knee proprioception error from 5.2to 3.5 for atarget
angleof 30. Similar significant improvementswere al so reported
for other target angles[15]. For patientswith knee osteoarthritis,
agame that provides VF on CKC exercises was proposed. The
exercises in this game were squatting and leg presses against
an elastic Theraband. The proprioception was assessed by asking
participants to reproduce a knee angle that has previously
visually been demonstrated to them. For atarget position of 30,
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the knee proprioception error improved from 6.25to 3.5in a
training period of 6 weeks[16]. Another study in patients with
osteoarthritis focused on balance games with the Nintendo Wii
Fit. The games are, in general, challenging the balance of the
user. Asthe solution the player attemptsis not limited, they can
contain a mix of open and closed kinematic chain motions. In
accordance with its main goal, this study focused on
balance-related outcome measures [17]. No study so far has
systematically investigated whether the efficacy of AFisrelated
to the type of exercise (OCK vs CKC) in lower limb training.

Objectives

In this study, we developed a video exergame system for
enhancing position accuracy through targeted training with
incorporated motion tracking and augmented feedback. The
system contains 2 different games, one for CKC and one for
OKC exercises. The CKC game is caled Bunny Game and
encourages users to do half squats and deep squats. The OKC
game, Fish Game, asks usersto perform 4 different knee joint
stretching tasks. To provide feedback, the knee joint angle was
measured by IMU sensors. Thisinformation was used to adjust
the position of a game object on the screen (VF) and provide
motion sonification (AF).

To verify whether augmented feedback training yields better
results than VF, a pilot study was conducted with 14 healthy
participants, 7 in the augmented feedback group (experimental
group [EG]) and 7 in the VF group (control group [CG]). All
participants played both games, one with an OKC task and one
with a CKC task in arandomized order. We hypothesized that

https://rehab.jmir.org/2026/1/€78525
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participants in the EG would significantly improve knee joint
position accuracy compared to the CG. Intotal, 7 EMG signals
from the nondominant leg of the participants were collected to
analyze the muscle synergies used during training.

Methods

This paper adheres to the CONSORT (Consolidated Standards
of Reporting Trials). The CONSORT checklist for this paper
can be found in Multimedia Appendix 1.

Game Development

CKC Exergame

The user interface (Ul) of the CKC exergame, called “Bunny
Game,” is shown in Figure 1. In this game, participants
performed 2 different types of squats to control the vertical
position of the bunny on the screen: the deeper the squat, the
higher the bunny jumps. The sonification of the position of the
bunny is based on a sequence of brief, percussive tones with
varying pitches. The pitch increases as the bunny’s vertical
position rises. Carrots were set at 2 heights. one reachable by
a half squat, as shown in Figure 1B, and the other by a deep
squat, as shown in Figure 1C. When the bunny reachesacarrot,
itiscollected, and the scoreincreases by 1. Each group consists
of 9 carrots, requiring the player to hold the squat position for
2.5 seconds to collect al of them. Each group of carrots is
followed by a20-second gap to allow the player to stand up and
rest. One round of the game contains 12 groups of carrots,
thereby prompting the player to perform 12 squats per round.
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Figurel. lllustration of the game with closed kinetic chain movements. (A) Preparation in stance gesture. (B) Half squat demonstration and the carrots’
height in the user interface. (C) Deep squat demonstration and the height of the carrots that should trigger this motion.

OKC Exergame

The Ul of the stretch exergame * Fish Game” isshownin Figure
2.Inthisgame, 12 fish appear randomly along 4 different trails,
each corresponding to a specific knee stretch movement. The
lowest trail matched the movement of the 90° knee joint, the
second lowest trail matched the 120° knee joint bending, the
second highest trail matched the 150° knee joint bending, and
the highest trail matched the total stretching. The participant

https://rehab.jmir.org/2026/1/€78525
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rotates the knee joint of the tested leg to move the hook from
one trail to the other in a vertical direction. The pitch of the
sonification prompt increases asthe vertical position of the hook
rises. If the hook staysfor morethan 2 secondson thetrail where
afish appears, the fish is caught, and the score increases by 1.
If the fish is not caught within 10 seconds, it reaches the other
side of the screen, where it disappears. The word “Miss’ is
shown on the screen to communicate to the player that the fish

escaped.
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Figure2. Illustration of the game with open kinetic chain motion. From left to right are the demonstrations of knee joint anglesin 90°, 120°, 150°, and

180°, which correspond to 4 trials.

Auditory Feedback

The sound used in AF mode consisted of a short, percussive
tone extracted from arain sound recording, which gave acrisp,
bell-like quality with natural texture. The pitch of the
sonification was modulated according to the vertical position
of the task object, such that the higher the bunny or hook, the
louder the sound. The audio was delivered through the Unity
engine, with amplitude scaled linearly from silence to the
maximum nonclipping volume. The duration of 1 auditory
stimulus was 0.1-0.2 seconds. After this period, the next
fragment with a different pitch was played.

Game I ntegration With Sensors

Thiskneejoint training game system was devel oped using Unity
(version 2021.3.0.f1; Unity Technologies). Both kinematic data
and EMG data were collected with 9 Avanti sensors (Delsys
Europe Ltd). Kinematic data were obtained from 3 Avanti
sensors placed on midshank and biceps femoris (BF) muscle
on the participant’s nondominant leg and the one on the
collarbone region of the trunk. Muscular activity of tibialis
anterior, gastrocnemius medialis, gluteus medius, gastrocnemius

https://rehab.jmir.org/2026/1/€78525
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lateralis, peroneus longus, BF, and rectus femoris in the
nondominant leg were measured with 6 Avanti sensors. The
application programming interface of Delsyswas used to stream
the data from the IMU sensors in rea time into the game
environment.

Sensor Calibration

Prior to sensor attachment, the sensors were lying next to each
other in a parallel orientation on a flat desk. In this state, the
sensors were connected to the game system; when the Ul
showed that all of the sensors were connected, the initial IMU

orientation| 2 was recorded to determine the offset of individual
sensors. Once al sensors started streaming data, they were
attached to thelegs of the participant, and the electrode location
followed the SENIAM (Surface Electromyography for the
Non-Invasive Assessment of Muscle) guidelines [18]. Before
testing, the participants were asked to stand in an upright posture
to establish a baseline orientation of the IMUs on the user’s
body. This position offset was used in the kinematic analysis
to prevent that difference in body shape affects the game
performance. The whole calibration processis shown in Figure
3.
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Figure 3. Sensor calibration processillustration: (A) sensorsaigned in parallel, (B) sensors attached to the leg in an upright standing position, and (C)

sensors in amovement. BF: biceps femoris.

(A)

The data obtained during the calibration process were used for
the following in-game calculations. To obtain the initial
reference quaternion for knee joint angle measurements, the
IMUs attached to the BF and the midshank on the nondominant
leg were placed parallel to each other on aflat surface. Sensor
datawere then recorded for 14 seconds at a sampling frequency
of 74 Hz, resulting in abuffer of 1000 unit quaternion samples,
which was used to compute the reference orientation. Each
quaternion in this buffer is represented as g,=(w;, X;, Vi, z). The
original reference quaternion (dg,q) isobtained by averaging all
1000 quaternions component-wise.

To ensure that this average remains a unit quaternion, daq is
normalized by dividing it by its magnitude:

E
This q, serves as the baseline orientation of the sensors.

After this calculation, al of the sensors were attached to the
participant by the experimenter, with the midshank sensor placed
in the middle of the shank and aligned with the nondominant
leg BF sensor. The player was asked to stand upright for 14
seconds, avoiding moving. During this time, the computer
calculated the offset (q,). This information was entered in
equation 2 to calculate the rotation gr between the original
quaternion Gyriging and the offset geerence 0 account for any
orientation bias due to the leg shape.
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(B)

During game training, the real-time sensor orientation is
computed by multiplying the measured quaternion (gg) and the

offset (qy):
E

The knee angle (Qynee) 1S defined as the angle between the

calibrated coordinate system of the midshank [E] and that of the

BF of the nondominant leg [&], Thisangle can be obtained from
equation 4. The Euler angle of the knee in the Y direction is
used as the game controller in games.

@]
Power Calculation

The effect size of AF was estimated to be 0.78, based on the
results of Ghai et al [19] and Fujii et a [20]. The main results
of this study were evaluated using a repeated-measures,
between-factors ANOVA. The power was set to 80%, and an
a of .05. G* Power (version 3.1.9.7; Heinrich-Heine-Universitat
Diisseldorf) was used to calculate the sample size apriori. This
calculation indicated that aminimum number of 10 participants,
including 5 participantsin the EG and 5 participantsin the CG,
were needed to draw a conclusion. Considering a dropout rate
of 30%, the recruitment target was set to 14 participants.
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Recruitment

All the participants were recruited among the employees and
students of the University of Groningen. To be dligible to
participate in this study, participants had to be at least 18 years
of age, be healthy based on self-report, and be fluent in either
English or Dutch to ensure that they understand theinstructions
given by the experimenter. Exclusion criteria were pregnancy,
orthopedic problems, musculoskeletal disorders, prior surgery
on the lower extremities, or abuse of drugs, growth hormones,
anabolic steroids, or performance-enhancing substances based
on self-report. Furthermore, participants with aknown adhesive
allergy were excluded to reduce the risk of skin irritation due
to sensor attachment. To be able to attach the EM G el ectrodes,
participants were required to wear shorts during the test.
Therefore, we also had to exclude participants who were not
willing to expose the skin of the legs for any reason.

Zhang et a

Experiment Design

Overview

The study design of this experiment was a randomized
between-group comparison. Participantswere randomly assigned
to groups using a Microsoft Excel—generated sequence to
minimize bias. For comparing the game effectiveness within
and without AF, al participants tested both game levels in
randomized order. The group the participant belongs to was
predetermined viaavector generated with the random function
in Excel. This vector was used to assign each participant to 1
group based on the order in which they were recruited. AF was
assigned to participantsin the EG, but not to the participantsin
the CG. Torule out confounders, the participantswere assigned
to the EG and CG at random, apart from the AF; both groups
followed the same experimental procedure.

There were 4 blocks in the experiment, as shown in Figure 4.

Figure 4. Flow chart of the study design overview and the main procedures that subjects will undergo in the course of research.

Baseline
acquisition

Pretest

Training session

Experimental group

Control group

. With auditory feedback - Without auditory feedback

No feedback

After the sensor calibration, the pretest was performed. During
the pretest, each participant performed 10 squats and 10 knee
stretches. Participants during the pretest were instructed by
written information on the screen on which movement they
should perform. Each movement was held for approximately 5
seconds. During the squatting sequence of the pretest, the
commands*“ half squat” or “deep squat” appeared in randomized
order. During the stretching sequence of the pretest, the prompts
“half stretch (45°)” or “totally stretch (0°)” appeared in random
order by the script used for prompt text generation. Participants
were seated for thistest, and they were previously instructed to
obtain aposition that isin the middle between totally stretching
and having their feet in a 90°. As al participants had a
mathematical background, no further explanation of the
instructions was necessary. Participants were not blindfolded
during the test. Psychometric properties of the test are not
available. Participants who were randomly alocated to start
with the bunny game started the pretest with the squatting
session, while participants who started with the fish game were
first prompted with the stretching exercises. To initiate the
pretest, the experimenter selected the “Pre-Test” scene in the
game menu. This game menu consists of 3 buttons: “Bunny

https://rehab.jmir.org/2026/1/€78525
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Game,” “Fish Game,” and “Pre-Test,” which allow players to
select the different games. In the “Pre-Test” scene, the screen
displays 2 buttons. “Stretch Test” and “Squat Test” The
experimenter used these buttons to select the tests in the order
indicated on the random allocation list. After completing atest,
the exit button returnsto the main menu scene, with the Pre-Test
button now label ed Post-Test. The Fish Game and Bunny Game
options remain available.

After the pretest, each participant completed 4 rounds of training
for both games. The training platform for the EG included AF,
while for the CG, AF was turned off, leaving only VF.

In the final block, a posttest was conducted, consisting of 10
nondominant knee stretches and 10 squats. Thetest content and
format were identical to those of the pretest. During the pre-
and the posttest, participants were asked to perform 10 half
squats (target knee angle [TKA]=90°) and full squats
(TKA=130°). In addition, participants were asked to sit on a
chair and stretch their leg 10 timeswith aTKA of 135° or 180°,
which equals ahalf and full stretch, respectively.
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Study Parameters

The main outcome was the error of position between TKA and
actua knee angle (AKA) of the participant along the
femoral-tibial axis. The AKA was cal cul ated based on the IMU
sensors as described in the Game Development section. The
error of position was calculated by subtracting TKA from AKA
(equation 5).

Error=AKA-TKA (5)

According to both the IMU signal and the recorded video during
the test, the IMU data are segmented, with each segment
representing atest movement. The error of these data segments
was calculated. In each test, average error (AE) is classified by
the type of movements, with 2 groups (sguat test group and
stretch test group) of AE in the pretest and 2 groups of AE in
the posttest for each participant. The absolute mean value of
each group represented the average performance of the
participant in the corresponding movement during the test
(average mean error [AME]), calculated by equation 6, where
n denotes the number of times this type of movement appeared
in the test, and AE denotes the average error of a movement.

]

For each participant, the improvement of training was
represented by the difference in performance of each group
between pretest and posttest. Equation 7 expresses the
calculation of theimprovement for a participant in 1 movement
classification, which is denoted by IE (improvement of error
trajectory), AMEp, denotes the absol ute mean value of agroup
of movement errors in the pretest, and AMEp,y denotes the
absolute mean value of the group of movement error in the
posttest.

IE=AMEp,-AM Epog(7)

Self-Report I nstruments

Participants completed the Task Evaluation Questionnaire of
Intrinsic Motivation Inventory (IMI) [21], a multidimensional
measurement tool used to assess participants subjective
motivation during game training. The following 4 subscales:
interest or enjoyment, perceived competence, perceived choice,
and pressure or tension, were assessed based on the Task
Evaluation Questionnaire. Each subscal e consisted of 5-7 items
rated on a 7-point Likert scale (1=not at all true, 4=somewhat
true, and 7=very true) [22].

The User Experience Questionnaire (UEQ) [23] was also filled
after the experiment. Six dimensions were measured:
attractiveness, perspicuity, efficiency, dependability, stimulation,
and novelty. Each dimension was assessed through a set of
bipolar adjective pairs (eg, “annoying-enjoyable”), rated on a
7-point scale from —3 to +3. Higher scores indicated a more
positive user experience [23].

Muscle Synergy

In this study, muscle synergy analysiswas performed to examine
the differences in muscle weighting patterns across different
synergies during game training, following the methodology
described in Hayes et al [24].
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EMG signals were collected from 7 muscles (tibialis anterior,
gastrocnemiusmedialis, gluteus medius, gastrocnemius lateralis,
peroneus longus, BF, and rectus femoris) on the nondominant
leg. The EMG signals were segmented based on task-specific
event timestamps. For the Fish Game, segments were extracted
from 2 seconds before the timestamp at which afish was caught
up to the event itself. For the Bunny Game, a valid task was
defined as the collection of a complete group of 9 consecutive
carrots; the corresponding segment spanned from the timestamp
of the first carrot to that of the ninth in a single group. Each
segment was processed with afifth-order Butterworth low-pass
filter (cutoff: 30 Hz) and high-pass filter (cutoff: 4 Hz).
Following filtering, the signals were detrended by subtracting
the mean and then rectified by taking the absolute value. Finally,
each signal was normalized by dividing it first by its maximum
value and then by the SD of the resulting signal to achieve unit
variance.

Muscle weights were extracted using nonnegative matrix
factorization. To determine the appropriate number of synergies
required to reconstruct the original EMG signal, the variance
accounted for (VAF) was calculated. For each trial, the number
of synergies was identified as the minimum number for which
the average VAF dropped below thresholds of 90%, 85%, and
80%, respectively, ensuring abalance between model simplicity
and signal reconstruction accuracy.

Statistics

Q-Q plots were used to test for the distribution of the data. As
the data were not normally distributed, the nonparametric
aternative for a repeated measures ANOVA was used.
Therefore, a 1-sided Mann-Whitney U test was conducted for
answering whether AF has a positive effect on the knee joint
training based on the exergame platform. To ensure dataquality
and reduce theimpact of extreme values, outlierswereidentified
and removed using the z score method. Specifically, for each
variable, zscores were cal culated, and data points with absolute
z scores greater than a predefined threshold (|Z>2.5) were
regarded as extreme data and excluded from the analysis. The
threshold was chosen to balance outlier detection whileretaining
sufficient data for robust statistical analysis.

The null hypothesis (Hg) is that AF does not significantly
improve trajectory error compared to without AF during
stretching and squatting. The observations are squat test IE in
the EG, squat test |E in the CG, stretch test IE in the EG, and
stretch test |E inthe CG. A significancelevel of a=.05wasused
for hypothesis testing.

Ethical Consider ations

The study was carried out in April 2025 in the laboratories of
the Discrete Technology and Production Automation group of
the Engineering and Technology Institute of the University of
Groningen in Groningen, The Netherlands. The study was
conducted in accordance with the Declaration of Helsinki. The
institutional ethics committee (Research Ethics Review
Committee [CETQ]) of the Faculty of Arts, University of
Groningen, reviewed the experiment protocol and had no
objection to the proposal (ID 93318312). Before the sessions
started, participants had received an information | etter describing
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the aim and procedures carried out during the study. They were
given the opportunity to ask questions about their participation.
Participants, who signed the informed consent form, were
required to fill in a short demographic questionnaire and the
Waterloo Footedness Questionnaire [25]. Afterward, the
experimenter tested their hearing capability by Audiometer
9910 (Amplivox Ltd). Prior to dataacquisition, a Data Protection
Impact Assessment was carried out to ensure that the data
processingisin linewith European regulations. Asaconclusion
of this assessment, the data were stored in a secure virtual
research workspace of the University of Groningen. Theresults
are reported as median or average to ensure that individuals
cannot be identified. Participants did not receive any
compensation for their participation in these experiments.

Figure 5. Flowchart depicting the recruitment process.

Zhang et a

Results

Participants

A total of 14 participants were recruited for this study: 7
participants were in the EG, and 7 participants were in the CG.
All of the participantswereright-leg dominant. Inthe augmented
AF group, there were 4 female and 3 male participants; the
average age was 27.58 (SD 3.09) years, and the mean BMI was
21.07 (SD 3.04) kg/m2. The VF group consisted of 3 female
and 4 male participants; the average age was 28.69 (SD 4.17)

years, and the mean BM| was 21.15 (SD 2.86) kg/m?. Thetrial
ended when the recruitment target was reached. A flowchart
describing the recruitment processis depicted in Figure 5.

( Enrollment )

Assessed for eligibility
(Participant number=14)

All participants were

eligible

Randomized
(Included participant number=14)

( Allocation )
I

Experimental group participant number=7

Control group participant number=7

Completed trail: 7

Kinetic Analysis

Figure 6 depictsthe AME during pre- and posttest per movement
category and participant. Figure 6A illustrates the AME of 7
participants in the EG. In the stretch test, all EG participants
showed a smaller AME, indicating an improvement in their
ability to reproduce the angles. In the squat test, only 3
participants of the EG showed obvious improvement in the
posttest. The other 4 participants either had a huge spread in
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Completed trail: 7

the AME or did not improve in the posttest compared to the
pretest.

Figure 6B displaysthe AME for 7 participantsin the CG. During
both the stretch and the squat test, the participants of this group
showed nearly no improvement in the AME.

Theviolin plot depictedin Figure 7 illustrates the improvement
in kneejoint performance for 2 test movementsin both the EG
and CG. Each violin plot represents the distribution of | E values
within 1 category.
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Figure 6. AME in the stretch and squat test in both pre- and posttest for the experimental group (EG) and the control group (CG). (A) AME of 7
participants in the EG during pre- and posttest. (B) AME of 7 participantsin the CG during pre- and posttest. AME: average mean error.
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Figure 7. Squat and stretch test | E after intervention (with and without augmented feedback) illustration. CG: control group; EG: experimental group;

IE: improvement of error trajectory.
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For the squat and stretch test groups, the mean value in the EG
is higher than in the CG, indicating a notable improvement in
squatting performance for the EG compared to the CG. A
similar, though slightly smaller, trend is observed between the
stretch test in EG and CG. The quartiles (first quartile Q1,
median, and third quartile Q3) of each group of tests are depicted
in Figure 7. The median improvement of the experimental group
was 5.36 (IQR 2.27-11.25) and 10.46 (IQR 5.45-12.07) in the
sguat and stretch test, respectively. The control group achieved
an |E of -5.31 (IQR -7.32 to —-1.62) and —-3.37 (IQR -5.73 to
—1.22) in the squat and stretch test, respectively.

A 1-sided Mann-Whitney U test was conducted on the IE
datasets, revealing a statistically significant difference between
the EG and the CG (statistics=41.0; P=.04) for squatting and
between the EG and the CG (statistics=42.0; P=.03) for
stretching.

Participants who received augmented feedback demonstrated
greater improvementsin both squat and stretch tasks compared
to the CG. Hy wasrejected, indicating that integrating augmented
AF into the exergame platform positively impacts knee joint
motor training.

Muscle Synergy

EMG data from all 14 participants (1054 exercise movements
in total) were included in the muscle synergy analysis. The
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number of synergiesrequired to meet the VAF thresholds varied
across trials. For the 90% VAF threshold, synergy numbers
ranged from 4 to 7; atotal of 3 movements had 4 synergies, 98
movements had 5 synergies, 787 movements had 6 synergies,
and 166 movements had 7 synergies. For 85% VAF, synergy
numbers ranged from 3 to 6; a total of 3 movements had 3
synergies, 29 movements had 4 synergies, 342 movements had
5 synergies, and 682 movements had 6 synergies. For 80% VAF,
synergy numbers ranged from 3 to 6; a total of 4 movements
had 3 synergies, 115 movements had 4 synergies, 683
movements had 5 synergies, and 252 movements had 6
synergies. The 85% VAF threshol d was sel ected for subsequent
analysis to balance signa reconstruction quality and model
simplicity, 6 synergies appeared most frequently across
participants and movements, suggesting a stable underlying
structure in muscle coordination.

One of the extracted muscle synergy weight patternsis presented
in Figure 8. The complete results of the synergy analysis can
be found in Multimedia Appendix 2. The first and second
columns display the 4 tasks from the Fish Game, comparing 2
groups. Overall, the muscle weight distributions between the
groups were largely consistent. The third column shows the 2
tasks from the Bunny Game, half squat and deep squat, with
similarly cons stent muscle weighting patterns observed between
the 2 groups.
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Figure 8. Muscle synergy analysis including tibialis anterior (TA), gastrocnemius medialis (GAM), gluteus medius (GLM), gastrocnemius lateralis

(GL), peroneus longus (PL), biceps femoris (BF), and rectus femoris (RF).
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Quantitative Analysis of Self-Report Measures

Table 1 summarizes the IMI subscale scores for EG and CG.
The EG reported higher perceived choice, and the CG reported
higher interest or enjoyment, perceived competence, and
pressure or tension.

The results of UEQ were anayzed from the following 5
subscales: attractiveness, perspicuity, efficiency, dependability,
stimulation, and novelty. In EG, the mean of subscalesis2.738
(SD 0.31), 2.821 (SD 0.14), 2.143 (SD 0.46), 2.500 (SD 0.27),
2.536 (SD 0.43), and 2.000 (SD 1.15), respectively. In CG, the
mean (variance) of subscales is 2.357 (SD 0.70), 2.714 (SD

Table 1. Intrinsic Motivation Inventory subscale scores by group.

GLM GL PL BF RF

TA GAM GLM GL PL BF RF
Muscle

Muscle

0.03), 2.286 (SD 0.28), 2.286 (SD 0.38), 1.929 (SD 1.31), and
1.679 (SD 2.08), respectively. According to the rating scheme
of the questionnaire, these scores indicate that the experience
wasrated “excellent” [23]. The EG showed higher scoresacross
all dimensions, particularly in attractiveness (mean 2.738, SD
0.31) and novelty (mean 2.000, SD 1.15), indicating a more
engaging and novel user experience. Furthermore, to accessthe
overall experience, the subscales were grouped into pragmatic
and hedonic quality according to UEQ guidelines[23]. The EG
scored higher on both pragmatic quality (mean 2.49) and
hedonic quality (mean 2.27) compared to the CG (mean 2.43
and mean 1.80, respectively).

Subscale

Experimental group, mean (SD)

Control group, mean (SD)

Interest or enjoyment 35(10) 35(9)
Perceived competence 29 (7) 29 (7)
Perceived choice 8(4) 8(4)
Pressure or tension -6(4) -5(4)
: : demonstrated significantly better knee angle positioning skills.
Discussion This suggests that the benefit of auditory sonification cues can
Main Results positively support both CKC and OKC kneejoaint tasks.

The aim of this study was to explore whether augmented AF
applied in motor learning during game-based kneejoint exercise
(involving both CKC and OKC) improves the knee angle
proprioception more than VF alone. The results demonstrated
that augmented AF exergame training improved the AME of
the knee joint angle significantly more than VF aone. After
both CKC and OKC game training, participants in the EG
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The results of self-report instruments, IMI and UEQ, showed
that the experience of the participants was positive in both
games. The IMI suggests that the participants felt low pressure
while experiencing enjoyment, which isdesired in an exergame.
EG participants reported amoreimmersive, attractive, and novel
experience compared with CG participants. These findings are
consistent with prior research that supports the role of
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augmented feedback, especialy auditory, in facilitating
sensorimotor integration and enhancing motor skill learning
[13]. Auditory cues provideimmediate, real-time reinforcement,
which can guide users movements, keep users engaged, and
increase interactions during motor learning.

As shown in Figure 6, most participants in EG exhibited a
reductionin AME during the OK C test following the augmented
feedback game training. In addition, the SD of the error
decreased from pretest to posttest for each participant, indicating
reduced variability and more stable task performance after
training. In CG, 6 of 7 participants aso had a decreased SD
after training. However, the mean AME did not show
improvement in the OKC tasks after training. These findings
are not in line with previous literature, which reports that
improvements can be reached with both CKC [16] and OKC
[15] exercises. However, the studies in the literature observe
participants over a duration of 6 weeks, while we only
investigated asingle game on. Furthermore, the participants
in the studies reported in the literature were older male
individualsand patientswith osteoarthritis. Our population was
much younger and healthy. Therefore, the baseline might aready
have been better. Due to differences in the instructions during
the assessment, a direct comparison of the absolute values is
unfortunately not possible.

For the CKC test (squat test), the performance in EG after
training does show smaller improvements than the OKC test
result. Intotal, 4 of 7 participantsin the EG decreased the AME
after interventions, and 6 participants had a decreased SD after
training. Compared to the EG, AME results of the CG show
less improvement. Figure 7 demonstrates a more intuitive
comparison. In EG, the improvement of knee joint positioning
skillsis generally greater than the CG in both squat and stretch
testss The OKC game (Fish Game) showed greater
improvements in motor learning compared to the CKC game
(Bunny Game).

Another observation in this study is the consistency in muscle
synergy weight pattern between EG and CG across both game
contexts. Asshown in Figure 8, the muscle weight distributions
areremarkably similar between 2 group participants, suggesting
that motor control strategies in the muscle remained stable
regardless of group assignment. This trend is also evident in
both games. The stability in muscle synergy organization
supports the use of game-based interventions as a tool for
training repetitive motions.

Limitations

Several limitations should be acknowledged in this study. First,
all participantswere recruited from the University of Groningen,
consisting exclusively of students and researchers. This
relatively homogenous sample limitsthe generalizability of the
findings to broader populations. Second, the experiment was
conducted within a single day, and the study does not capture
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long-term retention or progression of motor learning over time.
Third, due to the nature of AF, it was not possible to blind the
participants with respect to group assignment. Therefore, the
subjective measures taken with the questionnaires might be
influenced by thefact that participants were awvare whether they
were in the control or the intervention group.

Fourth, the system has not yet been tested in a clinica
population. While the current results are promising, validation
in clinical settings is essential to confirm the utility and
effectiveness of the developed augmented AF game training
systemin rehabilitation contextsfor the kneejoint. Finally, both
Fish Game and Bunny Game include 2 distinct types of motor
tasks: gpatial positioning of the kneejoint and kneejoint extreme
movements. These task types were not separately analyzed in
this study.

The most noticeable limitation of our paper is that participants
were not blindfolded during the pre- and posttest. Therefore,
the extent to which they used vision to compensate for eventual
proprioceptive deficits is unknown. Due to this limitation, we
can only say that the study had positive effects on motor learning
in general. Future studies that test proprioception while
occluding vision and apply psychometric testing methods are
needed to evaluate the precise contribution of proprioception.

Implication for Research and Future Work

Despite the limitations, this study provides a prototype of an
exergame for knee joint motor learning. The result shows the
benefit of augmented feedback in interactive, feedback-driven
games to support effective motor learning in the lower limbs.

Moving forward, implementing longitudina study designswould
allow for assessment of motor learning retention and the
long-term impact of kneejoint training based on an augmented
feedback exergame. Clinical trials are also essential to explore
whether the game can be used in the context of rehabilitation.
Finally, further analysis should differentiate between the 2 types
of motor tasks, knee joint positioning and extreme joint
movement, present in the games. As shown in Figure 9, the
distributions of AME between “stretch 45, “stretch 0,” “half
sguat,” and “ deep squat” are obviously different. For OKC tasks,
kneejoint positioning shows abigger variance than the extreme
joint movement. For CKC tasks, the knee joint positioning
shows a smaller variance than the extreme joint movement.
Investigating these categories separately could uncover
task-specific motor strategies. Together, these directions can
build upon the promising outcomes of this study to inform the
design of adaptive, personalized game-based interventions for
the knee joint motor skill learning and rehabilitation.

Thetasksthat we selected in this study were focused on specific
exercisesthat are frequently used in knee rehabilitation. Future
studies could also investigate how exergaming can be used for
activities of daily living such as walking.
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Figure9. AME distribution comparison among 4 test movements. CG: control group; EG: experimental group.
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Conclusions Y ynergy p

Thisrandomized controlled trial study explored the effectiveness
of CKC and OK C game-based i nterventionsin promoting motor
learning with augmented feedback in healthy adults. Theresults
demonstrated that augmented feedback significantly enhanced
knee joint motor learning performance in both game contexts,

acrosstasks and groups suggest that the neuromuscular strategies
used were stable and repeatable, reinforcing the reliability of
augmented feedback game-based training for knee joint motor
control. In the future, targeted populations such as clinical
groups could be considered to test the effectiveness of
rehabilitation.

highlighting its value as an intuitive and engaging form of
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Abstract

Background: Lateral epicondylitis (LE) is a condition that impairs daily activities due to pain exacerbated by wrist and hand
movements. The ArmLock sleeve is a novel, nonsurgical intervention to stretch the wrist extensor muscles by maintaining the
elbow in extension, forearm in pronation, and wrist and fingersin flexion.

Objective: This study aimed to assess the effectiveness of sustained tension provided by the ArmLock sleeve on pain and
functional outcomes in adults with LE. This novel device supports the forearm by aligning the elbow in extension, the forearm
in pronation, and the wrist in flexion, while keeping the metacarpophalangeal and proximal interphalangeal joints of fingers|1-V
flexed.

Methods: A within-subjects repeated-measures design was used to assess outcomes at baseline, week 6, and week 12. Nineteen
participants wore the device at home for 30 minutes daily for 12 weeks. Outcome measures were administered by research
assistants and included pain intensity, pain-free grip strength, pressure pain threshold, pain during resisted wrist extension, and
composite extensibility of wrist and finger extensors. Repeated-measures 1-way ANOVA and Friedman tests were conducted
(a=.05), followed by post hoc comparisons (a=.017, Bonferroni correction).

Results: Significant improvementswere observed in 6 of 7 (85.7%) outcome variables, including increased muscle extensibility,
enhanced grip strength, and reduced pain intensity. Participants reported decreased pain and functional disability in aself-reported
guestionnaire.

Conclusions: Wearing the device daily for 12 weeks led to significant improvements in extensibility, grip strength, and pain
reduction. Participants also reported decreased pain and disability. These results suggest that the ArmLock sleeve may support
symptom relief and functional gainsin individuals with LE. Larger, controlled studies are needed to confirm its effectiveness.

Trial Registration: ISRCTN Registry ISRCTN13309889; https://www.isrctn.com/| SRCTN13309889

(JMIR Rehabil Assist Technol 2026;13:e80400) doi:10.2196/80400
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Introduction

Lateral epicondylitis (LE), known astenniselbow, isafrequent
cause of lateral elbow pain that significantly impacts the
performance of work, self-care, and leisure activities, as the
pain intensifieswith wrist and hand movements[1]. Aggravating
movements often include resisted wrist extension, middlefinger
extension, and forearm supination with afully extended elbow
[2]. Prevalence studies indicate that LE affects approximately
1.3% of the genera population [1], with higher rates observed
in working populations (2%-14.5%) [3] and among tennis
players (14%-41%) [4]. The condition is predominantly seen
inthe dominant upper extremity of individuals aged 30-64 years,
with peak incidence occurring between ages 45 and 54. LE is
strongly associated with repetitive and forceful tasks[1]. Asan
increasing percentage of the aging population remains physically
active, the incidence of LE is expected to rise significantly in
the coming years [5]. Given the high prevalence of LE, its
socioeconomic impact can be substantial. For example, in the
United States, nontraumatic epicondylitis accountsfor an annual
workers' compensation claim incidence rate of 10.6 per 10,000
full-time equivalent employees [6].

The etiology of LE remains a subject of ongoing debate within
themedical community [7]. The most widely accepted causative
factor is repetitive microtrauma, resulting from overuse of the
wrist extensor or supinator muscles. Such overuse commonly
arises from prolonged heavy workloads, intensive training in
racquet sports, or improper technique during physical activities
[7,8]. While LE has historically been described as atendinosis
based on histopathological findings [7], contemporary models
conceptualize the condition as a degenerative tendinopathy
characterized by mal adaptive responses to mechanical loading,
altered mechanobiology, and pain mechanisms that extend
beyond local tissue pathology [9]. Thisdistinction hasimportant
therapeutic implications, supporting interventionsthat emphasi ze
load modulation, sustained low-load mechanica stimuli, and
functional restoration rather than anti-inflammatory approaches
alone. As a degenerative tendinopathy, LE is characterized by
maladaptive responses to mechanical loading, which may
include excessive or uneven tensile forces acting on the tendon
and contributing to microtrauma and degenerative changes
[9,10]. In degenerative tendons, the typically organized structure
of collagen architecture is disrupted, with fibroblasts and
atypical vascular tissue creating atangled, disorganized matrix
with reduced tensile capacity [10]. LE involves chronic tendon
degeneration at the common origin of the forearm extensor
muscles. These musclesincludethe extensor carpi radiaisbrevis
(ECRB), extensor digitorum, extensor digiti minimi, and
extensor carpi ulnaris, with the ECRB tendon most frequently
affected at the lateral epicondyle of the humerus [9,10].

While many individualswith L E experience symptom resolution
over time, including spontaneous improvement without formal
treatment, most also demonstrate a positive response to
conservative management. However, a clinically meaningful
subset of patients does not achieve symptom resolution.
Approximately 5%-10% of individuals develop persistent
symptoms, with pain extending beyond several weeks, exceeding
what would be expected from spontaneous recovery alone and
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suggesting progression toward a chronic or recalcitrant
presentation. Patients whose symptoms persist despite
appropriate rehabilitation interventions, particularly beyond 3-6
months, are commonly classified as having recalcitrant LE. In
this subgroup, continued passive observationisunlikely toyield
meaningful improvement, underscoring the need for targeted
interventions aimed a modifying tendon loading and
mechanaobiological processes|[9].

A wide range of rehabilitation and nonsurgical interventions
has been described for LE, including corticosteroid injections,
iontophoresis, botulinum toxin A injections, prolotherapy,
platelet-rich plasma (PRP) or autologous blood injections, as
well as physical and occupational therapy approaches such as
bracing and splinting, stretching and strengthening programs,
kinesiotaping, extracorporeal shockwave therapy, and laser
therapy. Among these, PRP has been identified as a conservative
treatment with higher levels of supporting evidence [11,12].
However, current research does not clearly demonstrate that
PRP is superior to other nonsurgical approaches [11,12].
Surgical intervention is typically reserved for approximately
3% of patients who fail to respond to nonsurgical treatments
after 1 year from symptom onset [13].

Although the evidence remains somewhat ambiguous,
rehabilitation interventions are generally recommended as
first-line treatment over medications, corticosteroid injections,
or surgery [14]. Braces and splints represent a rehabilitation
intervention for LE, particularly for individuals with limited
access to other rehabilitation services. These devices aim to
reduce mechanical 1oad on the extensor tendons by providing
external support. Commonly used orthoses include forearm
straps, which decrease force transmission at the common
extensor origin, and wrist extension splints, which offload the
extensor musculature by immobilizing the wrist. However,
evidence regarding their effectiveness in aleviating LE
symptoms remains inconclusive [1]. Therapeutic exercise,
including stretching, is supported for short-term improvements
in pain and function; however, there is no clear consensus on
an evidence-based multimodal rehabilitation program for LE,
nor on optimal exercise dosage parameters, including intensity,
duration, frequency, and progression [14].

Stretching exercises targeting the wrist extensor musculature
are commonly incorporated as part of multimodal conservative
management strategies for LE [14-16]. A frequently described
techniqueinvolveswrist flexion with ulnar deviation, combined
with elbow extension and forearm pronation, with or without
concurrent finger flexion [14,17]. Although the direct effects
of static stretching on tendon structure remain incompletely
understood, mechanical loading is recognized as an important
stimulus for tendon cell activity. Experimental and clinical
literature suggests that the mechanical load generated by this
upper limb position may support tendon healing in LE by
encouraging fibroblaststo align new collagen fibersin an orderly
manner, improving the tendon’s structural integrity [18].
Accordingly, the mechanical load generated during wrist
extensor stretching is hypothesized to contribute to these cellular
responses, although the magnitude and durability of such effects
in degenerative tendinopathy remain variable and require further
investigation.
JMIR Rehabil Assist Technol 2026 | vol. 13 | €80400 | p.69
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A promising rehabilitation intervention for LE isthe ArmLock
sleeve, which applies principles used in therapeutic stretching.
The device positions the elbow in extension, the forearm in
pronation, and the wrist in flexion, while maintaining flexion
of the metacarpophalangeal and proximal interphalangeal joints
of digits II-V. This configuration reproduces a frequently
prescribed stretching posture used in multimodal rehabilitation
programsand isintended to apply sustained mechanical loading
to the musculotendinous structures implicated in LE.
Specifically, this aignment targets the ECRB, extensor
digitorum, extensor digiti minimi, extensor carpi ulnaris, and
the superficial head of the supinator, which attach near the lateral
epicondyle. By providing prolonged, externally supported
positioning, the ArmLock sleeve may offer a practical means
of delivering consistent mechanica stimulus as part of a
rehabilitation approach, particularly when adherence to repeated
active stretching is challenging. However, the effectiveness of
the ArmLock sleevein reducing L E symptoms has not yet been
determined. This study aimed to assess the effectiveness of
sustained tension provided by the ArmL ock sleeve on pain and
functional outcomesin adults with LE.

Methods

Study Research Design

A within-subj ects repeated-measures design was used to address
the research objective. Outcomes related to pain and function
were assessed a 3 time points: baseline (week 0),
midintervention (week 6), and postintervention (week 12). The
use of a within-subjects repeated-measures design to evaluate
the effects of the ArmLock sleeve on pain and functionin adults
with LE aligns with contemporary frameworks for generating
evidence in rehabilitation technologies and reflects the
technology’s level of maturity. Specificaly, this study was
guided by the Framework for Accelerated and Systematic
Technology-based Intervention Development and Evaluation
Research (FASTER), which cautions against the routine
application of pharmaceutical-style randomized controlled trials
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(RCTs) to early-stage, rapidly evolving technology-based
interventionsin disability and rehabilitation [19]. Increasingly,
such expectations have been questioned due to their high cost
and logistical burden, therisk that extended trial timelinesrender
technol ogies obsolete, and the limited external validity of tightly
controlled experimental conditions. FASTER therefore
recommends quasi-experimental designs as rigorous and
appropriate approaches for phase 2 (progressive usability and
feasibility evaluation). Within-subject repeated-measures
designs, in particular, are well suited to this phase because they
allow participants to serve as their own controls while aso
enabling group analysis, thereby facilitating the examination
of individual change trajectories and effect signals. The effect
sizesand response patterns observed in this study providecritical
parameters for subsequent sample size estimation, refinement
of research protocol, and hypothesis development in future
controlled trials. By situating this study within an iterative,
technology-specific evidence-generation pathway, consistent
with the FASTER framework, our findings contribute to
generating foundational evidence, including effect size
estimates, necessary to design future RCTSs.

Materials

As illustrated in Figure 1, the ArmLock sSeeve is a soft
upper-limb orthosis designed to provide sustained positioning
and postural support of the elbow, forearm, wrist, and hand.
The orthosisincorporates an adjustable strapping system within
a semistructured textile sleeve to maintain the elbow in
extension, the forearm in pronation, and the wrist in flexion,
while positioning the metacarpophalangeal and proximal
interphalangeal joints of digits I1-V in flexion. The orthosisis
fabricated from a breathable, elastic textile composite (74%
polyester, 20% rayon, and 6% elastic). Its design alows
adjustable traction to increase or decrease wrist and finger
flexion to the degree required to achieve the intended
positioning. The ArmLock deeve is classified as a class |
medical device, islicensed by Health Canada (Medical Device
Establishment Licence[MDEL] No. 7429), and iscommercially
available.
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Figurel. The ArmLock sleeve.

Participants

Participants were eligible for inclusion if they were 18 years or
older, able to communicate in English, and had a self-reported
diagnosis of LE accompanied by the following symptoms: (1)
pain on the lateral side of the elbow elicited by resisted wrist
extension, (2) tenderness at the lateral epicondyle, (3)
measurable lossin composite muscle flexibility (extensibility),
and (4) symptoms persisting for at least 12 weeks.

Exclusion criteriawere applied to minimize confounding factors
and ensure the safety and appropriateness of participants for
this study. Potential participants were excluded if they (1) had
a steroid injection for LE within the past 3 months (steroid
injections are atreatment for LE and could confound the study
results) and (2) had undergone previous surgery for LE
(approximately 10% of postsurgical casesremain symptomatic,
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suggesting severe L E or underlying conditions unrelated to this
study) [9].

Exclusion criteria for symptoms likely due to other medical
conditions. These conditions could mimic or contribute to
LE-like symptoms or reflect different underlying pathologies,
making them unsuitablefor thisstudy. Such exclusionsincluded
those who (1) had been diagnosed with elbow, wrist, or finger
arthritis; (2) had sensory and/or motor changes distal to the
elbow, such ascarpal tunnel syndrome or elbow joint instability;
(3) experienced pain associated with radiculopathy, cervica
nerve compression, or thoracic outlet syndrome; and (4)
practiced high-velocity racquet sports, such as tennis or
badminton.

Exclusion criteriafor conditions preventing safe or appropriate
use of the ArmLock sleeve included those who (1) exhibited a
difference of lessthan 15 degreesin the range of motion (ROM)
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of wrist flexion with fingers extended compared to fingersflexed
as such cases indicate limited capacity for further mechanical
stretching using the ArmLock Sleeve; (2) experienced pain
during ligament stress tests at the elbow, which may indicate
ligament instability, precluding safe use of the device; and (3)
had awound or scarring in the areawhere the ArmLock sleeve
would be applied as these conditions could prevent proper
application and pose risks to healing.

Settings
All assessments were performed at Lab 1-45 Corbett Hall,

University of Alberta. Participants took the Armlock sleeve
home.

Sample Size

We aimed to recruit 31 participants with a power of 0.8, an
alphaof .05, and amedium effect size (f=0.30) [20]. The sample
size calculation was based on the Patient-Rated Tennis Elbow
Evaluation (PRTEE). In previous studies, sample sizes between
28 and 33 participants were enough to detect a change in the
PRTEE (P=.002) [21].

Recruitment

The sampling strategy used was nonprobabilistic. Study details
were disseminated through various channels, including social
media platforms, online classified advertisement services,
regional newspapers, and flyers. Flyerswere placed in multiple
locations, such as bulletin boards at postsecondary institutions,
orthopedic supply stores, and medical supply retail stores.
Additionally, the research team reached out to local private
clinics and professionals using email lists available on
professional association websites in Alberta. Potential
participants who expressed interest in the study contacted the
research team for more information.

Once participants initiated contact, a member of the research
team provided adetailed explanation of the study over the phone
and conducted screening questions using a standardized
telephone script to confirm eligibility. If an individual met the
inclusion criteria and expressed interest in participating, the
research assistant emailed the information letter for further
review and invited them to an in-person session for upper
extremity screening. During this session, researchers explained
that the purpose of the screening was to confirm eligibility
through a physical evaluation. Participants provided signed
consent before proceeding with the assessment. The upper
extremity screening included (1) isometric resisted muscle
testing, (2) sensory examination (light touch), and (3) ROM
assessment of the wrist and fingers.

Any asymmetry between sides or a ROM limitation that
prevented the participant from tolerating the position required
to wear the ArmLock sleeve resulted in exclusion from the
study.

Additionally, the following clinical tests were performed:

1. Elbow Varus Instability Stress Test (to rule out elbow joint
instability) [22]

2. Spurling Test (to assess cervical nerve compression) [23]

3. Roos Test (to assess thoracic outlet compression) [24]
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4. Upper Limb Reflex Testing (to rule out radicul opathy) [25]

If a potential participant tested positive for any of these
assessments, they were deemed ineligible for the study, and the
research team informed them that the ArmLock sleeve would
not be beneficial for their condition. The research team thanked
the participants for their time and provided parking
compensation for their participation.

Variables

Dependent Variables (Outcome Variables)

A combination of objective and subjective (self-reported)
outcome variables was used to assess the effectiveness of the
ArmLock sleeveintervention. Thefollowing outcome variables
were measured:

Composite Wrist and Finger Extensor Muscles

The composite extensibility of the wrist and finger extensor
musclesisthe muscletightness of the wrist and finger extensors
(objective outcome variable). For this measure, we followed an
adaptation of the Mill Test for LE. Participants were positioned
with a closed hand, the wrist in dorsiflexion, and the elbow in
extension. The examiner then applied wrist flexion, instructing
the participant to resist the movement. The test was considered
positive and discontinued when the participant reported pain at
the lateral epicondyle [26]. No overpressure was applied, and
wrist flexion was measured using a 12-inch clear plastic
goniometer (Baseline 360°). The value wasrecorded in degrees.

Pain-Free Grip Strength

Pain-free grip strength (PFG) is the maximal grip strength at
which pain appears (objective outcome variable). This is a
common measure of painin LE. In this study, we followed the
protocol published in previous studies of tennis elbow [4,27].
First, to minimize therisk of exacerbating injuries during PFG
assessment, participants were first introduced to the concept of
PFG. Then, participants were asked to stand with the elbow in
a complete extension and the shoulder and radioulnar jointsin
neutral rotation. They were then instructed to slowly squeeze
the dynamometer to their maximum strength using the
unaffected arm, alowing them to become familiar with the
device. Following this, participants repeated the process with
the affected arm, maintaining the same gripping rate as the
unaffected side but stopping immediately upon experiencing
any discomfort. We asked the participants to perform 3 trials
with 1-minute rest intervals, as done in previous tennis elbow
studies [4,27]. PFG was measured using the Sammons Jamar
Plust+ digital hand dynamometer (200-1b capacity; Performance
Health, Sammons Preston). The value was recorded in pounds

(Ib).
Pressure Pain Threshold

The pressure pain threshold (PPT; objective outcome variable)
was defined as the minimum amount of pressure required to
elicit pain. Participants were seated facing a table with their
forearms resting on its surface. The researcher identified the
muscle belly of the wrist extensor group by asking the
participant to repeatedly extend their middle finger. Testing
began on the unaffected side and was then repeated on the
affected side, alternating between sides for a total of 3
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measurements. A 20-second interval was provided between
each measurement. The PPT was measured using the
Commander Echo digital algometer with a 1-cn? rubber probe
tip (JTECH Medical), applied to the most tender point over the
lateral epicondyle, following the method described in a study
by Cho et al [4]. The value was recorded in pounds (Ib).

Pain During Resisted Wrist Extension

Pain during resisted wrist extension (2 Ib) test (subjective
outcome variable) is a common symptom of LE. For this
assessment (pain with lifting a 2-Ib weight), participants were
instructed to hold a 2-Ib weight while standing with their arm
relaxed. They were then asked to dowly lift the weight by
flexing the elbow from 0 to 120 degrees and subsequently return
to the starting position, following the method described by Cho
et a [4]. Pain experienced during the movement was rated by
the participant using a Numerical Rating Scale (NRS) from 0
to 10, with 0 = “no pain” and 10 = “worst possible pain.”

Pain and Functional Disability

Pain in the affected arm and functional disability were assessed
using the PRTEE (subjective[self-reported] outcome variable).
The PRTEE is a 15-item questionnaire that evaluates 2 key
components: pain (5items) and functional disability (10 items).
The functional disability section isfurther divided into 2 parts:
specific daily activities (eg, turning a doorknob or key, pulling
up pants; 6 items) and usual activities (eg, persona care,
household tasks, work, and recreational activities; 4 items). The
PRTEE is a widely used, validated assessment tool with
excellent psychometric properties [28,29]. The questionnaire
provides subscale scoresfor pain and function, aswell asatotal
score, al ranging from O to 100. The total score is the sum of
the pain and functional disability subscales (maximum score
100). Higher scores indicate greater symptom severity. In this
study, we used the pain subscale, the functional disability
subscale, and the total score as outcome variables.

I ndependent Variable

The independent variable in this study was the use of the
ArmLock sleeve. Participantswereinstructed to wear the device
for 30 minutes daily for a 12-week period as an intervention to
treat LE. The prescribed duration of ArmLock sleeve use was
informed by clinical guidance for stretching protocolsin lateral
elbow tendinopathy and by parameters reported in prior RCTs.
Clinical guidelines commonly describe stretching protocols
involving multiple repetitions of 30-45 second holds, typically
performed twice daily [30]. Acrossrandomized trials, stretching
parameters vary substantially, with hold durations ranging from
6 to 45 seconds, delivered over multiple sets (eg, 1-3), multiple
repetitions (eg, 6-15), and performed 2 to 3 times per day [15].

Acknowledging this variability, the decision to prescribe 30
minutes of daily ArmLock sleeve use represented an informed
estimation of these parameters, corresponding to an approximate
cumulative stretch exposure of ~10-33 minutes when
considering total time under stretch across repetitions and
sessions reported in the literature. For this study evaluating the
effectiveness of a novel technology, we intentionally selected
a duration toward the upper end of reported parameter ranges
to ensure sufficient stretch exposure while also examining
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participant tolerance to a sustained, cumulative stretching dose
that approximates or exceeds conventiona protocols. This
approach allowed us to balance theoretical therapeutic dosing
with feasibility, safety, and tolerability considerations in our
evaluation.

Baseline Participant I nformation

Participants completed a demographic questionnaire that
collected information on age, gender, occupation, side affected,
current treatments (eg, hand therapy), and symptom duration.

Procedures

Participantswho met the inclusion criteriaand provided written
consent were invited to attend an initial meeting. During this
first meeting, participants completed the demographic
guestionnaire. A research assistant administered the measures
of each outcome variable. We started with the ones that were
not painful at al and finished with those that were potentially
the most painful for participants. The order of the tests was as
follows: PRTEE, composite extensibility, PFG, the pain with
lifting a 2-1b weight, and PPT. After these assessments, the
research assistant provided each participant with an ArmLock
deeve and instructed them on how to properly wear it.
Participants wore the device for 15 minutes to check for any
signs of skin irritation (eg, red marks or pressure points) or
discomfort. The device was adjusted as needed. Participants
were instructed to wear the ArmLock sleeve for 30 minutes
daily for a 12-week period, at atime of their choosing. Device
use was documented using a Daily Log Sheet provided by the
research team. For each session, participants recorded the time
the sleeve was donned and doffed, the total duration of wear,
and any relevant comments (eg, pain, discomfort, or eventsthat
prevented adherence to the recommended 30-minute wear time).
Participants were asked to return the completed Daily L og Sheet
at their subsequent study visit. The research team used the
logged information to monitor adherence and document
participant-reported experiences with device use.

Participants attended 2 additional sessions: one at week 6 and
afinal session at week 12. During these visits, the researcher
readministered all outcome measures. At the week 12 session,
a brief exit interview was conducted to gather participants
feedback on the use and acceptance of the ArmLock sleeve.
Additionally, follow-up phone calls were made during weeks
3 and 9 to monitor participants’ use of the device and to remind
participants to track use in the Daily Log Sheet.

Statistical Analysis

We described the demographics by reporting the frequency and
proportion for categorical variables and the mean (SD) for
continuous variables. To determine the normality of the data,
histogram  anadlysis and the  Shapiro-Wilk  and
Kolmogorov-Smirnov testswere conducted. Repeated-measures
one-way ANOVA and Friedman tests were conducted to
evaluate differences among the measurement time points (week
0, week 6, and week 12) for normally distributed and
non-normally distributed data, respectively. Post hoc
comparisons between the measurement time points were
evaluated using paired t tests and Wilcoxon signed-rank for
normally distributed and non-normally distributed data,
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respectively. Bonferroni post hoc correction was used to account
for the increased risk of type | errors associated with multiple
comparisons. A P value <0.05 was considered to indicate
statistical significance for ANOVA and Friedman tests. The
Bonferroni correction level of statistical significance was
corrected at a P value <.02 (ie, 0.05/3 tests per outcome
variable). All the statistical analyses and visual presentations
were performed using IBM SPSS (version 29.0.2.0).

Ethical Consider ations

The University of Alberta Research Ethics Board reviewed and
approved this study (Pro00095330). Potential participants
contacted the research team to express interest, and written
consent was obtained before participation. All persona data
were deidentified prior to data analysis.

Participants received parking compensation for the time spent
in each in-person session, including the Upper Extremity
Screening for eligibility determination and the assessment
sessions at weeks 0, 6, and 12. Additionally, participants
received the ArmLock sleeve at no cost and were allowed to
keep it after the study was compl eted.
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Results

Participant Flow

Figure 2 illustrates the progression of participants throughout
the study, between March 23, 2020, and April 30, 2023. A total
of 62 individualsfrom the community contacted the researchers
to expressinterest in participating. Of these, 54 individual stook
part in an initia telephone screening assessment, with 21
excluded at this stage. Subsequently, 30 participants proceeded
to an in-person digibility assessment, where 2 declined to
participate and 1 was excluded. Ultimately, 27 participants
enrolled in the study, completed baseline assessments and
received the ArmLock sleeve. All enrolled participants were
scheduled to have follow-up assessments conducted at week 6
and week 12. Throughout the study, 8 participants dropped out
for various reasons, as detailed in Figure 2. In total, 19
participants completed the study, and their data were included
inthefinal analysis. Based on this participant’s flow, the study
retention was 70% (19/27). Compliance with the intervention
was measured based on the number of daysthe device was used
and the duration of daily use. On average, participants used the
device for 62 days, representing 74% of the recommended 84
days. The average daily usage time was 30 (SD 2.62) minutes.
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Figure 2. Study flowchart. LE: lateral epicondylitis.
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Demographics of Participants

Table 1 presents the demographic characteristics of participants.
The majority of participants were middle-aged adults (mean
age 44.11, SD 10.57 years), male, and employed. The most
commonly reported treatment strategies used in the past to
manage tennis elbow included performing ROM exercises and
using a brace or elbow strap.
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At the time of data collection, nearly half of the participants
reported engaging in ROM exercises, approximately one-quarter
were taking nonsteroidal anti-inflammatory drugs such as
ibuprofen, aspirin, or naproxen, and dlightly more than
one-quarter reported no nonsurgical concomitant treatments.
Additionally, dlightly more than half of the participants reported
that LE symptoms lasted for 1 hour or more.
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Table 1. Demographics of participants (N=19).
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Variable Participants, n (%)
Sex
Male 13 (68.4)
Female 6 (31.6)
Employment status
Employed 9(47.4)
Self-employed 2(10.5)
Out of work and looking 3(15.8)
Out of work but not looking 1(5.3)
Student 1(5.3)
Retired 2(10.5)
Unable to work 1(5.2
Previous treatment
Range of motion exercises 13 (68.4)
Brace or elbow strap 13 (68.4)
Nonsteroidal anti-inflammatory drugs 10 (52.6)
Ice 10 (52.6)
Physiotherapy or massage therapy 9(47.4)
Steroid injections 1(5.3)
Present treatment
Range of motion exercises 9(47.4)
Nonsteroidal anti-inflammatory drugs 5(26.3)
Ice 3(15.8)
Physiotherapy or massage therapy 3(15.8)
Brace or elbow strap 3(15.8)
Steroid injections 0(0)
Duration of symptoms
One hour or more 11 (57.9)
Lessthan 1 hour 8(42.1)

Effectiveness of the ArmL ock Sleeve on Reducing LE
Symptoms

Table 2 presents the descriptive statistics and results of the
Friedman tests for the outcome variables across measurement
time points. The analysis revealed statistically significant
changes in 85.7% (6/7) of the outcome variables, suggesting
that the ArmL ock sleeve was effectivein improving several key
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measures. Specifically, the intervention resulted in increased
composite extensibility of thewrist and finger extensor muscles,
enhanced PFG, and reduced pain intensity when lifting a 2-Ib
weight. Additionally, participants reported decreases in
self-reported pain and functional disability, as measured by the
PRTEE, with significant improvements observed in the pain
subscale, the functional disability subscale, and the total score.

JMIR Rehabil Assist Technol 2026 | vol. 13 | 80400 | p.76
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Rios Rincon et &

Table 2. Descriptive statistics and Friedman test for the outcome variabl es across measurement time points (week 0, 6, and 12; N=19)2

Outcomevari- Descriptive statistics

able
Week 0

Mean (SD)

Week 6

Median (IQR)  Mean (SD)

Friedman test results

Week 12 Chi-square  Pvalue b
(df)

Median IQR) Mean (SD)  Median (IQR)

Ext-AAC (de-  450(8.6)
grees)

PFG-AAY(Ib) 489
(29.9)

PPT-AA® 41(11)
(Ib)
PWL 2Ib-AAT 316(2.2)

PAINS_SUBY 22.0(8.2)
FUNC_sugh 19.6(10.8)

TOTAL W~ 416(17.7)

45.0(40.0-54.0) 48.6 (5.1)

43.1 64.2 (25.5)
(20.9-76.4)

39(32-51)  43(L1)

3.00 1.7 (25)
(1.0-4.0)

20.00 12.5(9.0)
(16.0-30.0)

24.0 9.7 (9.9)
(8.5-30.5)

46.0(27.059.0) 22.2(18.6)

49.0(46.0-530) 48.0(88)  5L.0(43.0-55.0) 6.08(2) 048 0.160

59.0 732 76.0 2726(2) <001 0717

(42.7-88.3) (22.9) (65.6-88.9)

49(34-46)  47(L7) 42 489 (2) .09 0.129
(35-6.0)

1.0 084(18) 00 2400(2) <001 0632

(0.0-3.0) (0.0.-1.0)

11.00 7.9 5.0 27126(2) <001 0717

(5.0-17.0) (9.5) (2.0-8.0)

50(3.0-150) 6.0(9.5) 3.0 2995(2) <001 0.788
(1.0-5.5)

90(9.0-325) 140(187) 80(40-130) 2874(2) <001 0.756

3 talicized P valuesindicate statistical significance at P<.05.

Bw: Kendall’s coefficient of concordance (considered a measure of effect size in the context of the Friedman Test). °Ext-AA: composite extensibility
of wrist and finger extensor muscles—affected arm.

9PEG-AA: pain-free grip strength—affected arm.

€PPT-AA: pressure pain threshol d—affected arm.

'PWL 2Ib-AA: pain with lifting a 2-1b weight—affected arm.
9PAINS SUB: Patient-Rated Tennis Elbow Evaluation pain subscale.

Pry NC_SUB: Patient-Rated Tennis Elbow Evaluation functional disability subscale.

'TOTAL_W: Patient-Rated Tennis Elbow Evaluation total scale.

Figures 3A-3F illustrates the mean values of each outcome threshold was excluded from the post hoc comparisons, as the
variable for the affected arm across the 3 time points (week 0,  Friedman test did not indicate statistically significant changes
week 6, and week 12), along with post hoc comparisonsbetween  for this variable. Error bars represent the SEM at each time
time points using Bonferroni correction. The pain pressure point.
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Figure 3. Post hoc comparisons between time points. The P valuesin the figure are obtained from the Wilcoxon signed-rank tests.
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For composite extensibility of the wrist and finger extensor
muscles, the results suggest an initial improvement between
week 0 and week 6, followed by stabilization from week 6 to
week 12 (Figure 3A). However, despite the observed
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improvement at week 6, the changes from week 0 to week 6
and week 0 to week 12 were not statistically significant.

PFG showed aprogressiveimprovement over time (Figure 3B),
with statistically significant changes at each stage. These
findings reinforce the effectiveness of the ArmLock deevein
enabling participants to achieve a stronger, pain-free grip. The
decreasing P values indicate that the cumulative improvement
from week 0 to week 12 was greater than the improvement
observed over shorter intervals.
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Pain during resisted wrist extension, measured by the pain with
lifting a 2-lb weight test, significantly decreased at each
consecutive time point, suggesting a consistent reduction in
pain throughout the 12-week period (Figure 3C). The lowest P
value (P<.001) for the comparison between week 0 and week
12 confirms that the overall reduction in pain across the study
period was statistically significant.

The subjective assessment of tennis elbow aligned with the
objective measures. As shown in Figure 3E and F, both the pain
subscale and functional disability subscale of the PRTEE
decreased over time, indicating that the ArmLock sleeve had a
positive impact on pain reduction and functional limitationsin
daily activities. Consequently, the total PRTEE score aso
declined over time, with all observed changes being statistically
significant.

Because participants were not restricted from engaging in
nonsurgical concomitant care, potential confounding effects
were further examined analytically by including concomitant
treatment status (yes or no) as a between-subjects factor in a
repeated-measures ANOVA. This analysis evaluated whether
changes in pain and functional outcomes over the intervention
period differed between participants who did (n=14) and did
not (n=5) receive concomitant treatments. The resultsindicated
that pain pressure threshold was the only outcome significantly
influenced by concomitant treatment status (3=17.073; P=0.03;
partial n2=0.250). Notably, pain pressurethreshold was a so the
only outcomethat did not demonstrate asignificant change over
time in response to the ArmLock sleeve intervention. Taken
together, these findings suggest that concomitant treatmentsdid
not meaningfully confound the observed intervention-related
improvements in the remaining outcomes.

Discussion

Principal Findings

This study aimed to evaluate the effects of sustained tension
provided by the ArmLock sleeve on biomechanica and
functional outcomes in adults diagnosed with LE. The results
of thiswithin-subjects repeated-measures design study provide
evidence of the potential clinical benefits of the ArmLock deeve
in reducing pain and improving function. Despite the small
sample size, both subjective and objective measures of pain and
functional disability outcomes demonstrated statistically
significant reductions, with large effect sizes (W=0.5).
Improvements were observed in composite extensibility of the
wrist and finger extensor muscles, PFG, pain with lifting a2-1b
weight, and the pain and functional disability subscales of the
PRTEE. These findings suggest that the sustained muscle
stretching provided by the ArmLock sleeve contributed to a
substantial reduction in symptoms and enhanced functional
performance in individuals with LE.

PFG refersto the maximum force anindividual can exert during
a gripping action without experiencing pain. It is a widely
recommended measure for assessing function and treatment
progressin individuals with LE [31]. PFG has also been found
to be highly correlated with self-reported pain and has
demonstrated high accuracy in detecting clinically important
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changes over time in individuals with LE [32]. Therefore, the
significant increase in PFG observed in our study for the
12-week period is supported by a valid and reliable measure
capable of detecting meaningful changesin patients with LE.

Hill et a [33] identified a minimal detectable change for PFG
inindividuals with LE of 9.2 kg force, which is approximately
20.28 Ib. In our study, the observed increase in PFG for 12
weeks was 24.3 |b, exceeding the minimal detectable change
threshold of 20.28 Ib. This suggests that the measured
improvement is clinically meaningful and unlikely to be
attributed to measurement error.

The results from objective measures align with subjective
assessments, reinforcing the intervention's effectiveness.
Findingsfrom the PRTEE indicate that participants experienced
notable improvements, including reduced pain and discomfort
and enhanced arm functionality in daily activities. During the
exit interview, participants reported resuming various activities
duetothe ArmL ock sleeveintervention, such as playing hockey
and golf, opening jars, typing, picking up acup of coffee, putting
on pants, opening doors, snow shoveling, paddling a canoe,
climbing, and carrying heavy bags or groceries. However, 2
(11%) participants reported no perceived improvements with
device use. Variations in the device's effectiveness may be
influenced by lifestyle factors such as smoking and alcohol
consumption, which have been associated with nonsurgical
treatment failure [34].

The majority of participants found the ArmLock sleeve easy to
put on and remove, indicating good usability. However, some
participants faced challengesin adjusting the optimal tightness
and correctly using the straps. Among those who compl eted the
study, 3 (16%) participants reported numbness, tingling, or
soreness while wearing the device. One participant noted that
these symptoms resolved after loosening the wrist strap.
Additionally, 1 participant withdrew from the study dueto wrist
pain. These findings highlight the need for future research to
explore potential adverse effects associated with wearing the
device and to optimize its design and usage guidelines.

The high retention rate and compliance with the intervention
indicate that participants accepted the ArmLock device and
tolerated the recommended daily wearing time of 30 minutes.
Participants provided feedback on how they adjusted their
schedules to accommodate device use, and many appreciated
the ability to wear it privately at home. Several participants
expressed satisfaction with the outcomes of using the device
daily. However, not all were able to do so consistently due to
various challenges, including time constraints, forgetfulness,
evening fatigue, or a diminished perception of the stretching
effect after several weeks of use. These insights highlight the
importance of considering individual adherencefactorsin future
implementations of the device.

Finally, the ArmLock sleeve controlled and gentle sustained
stretch may promote collagen fiber alignment and increase blood
flow, thereby facilitating tendon healing. This mechanism is
consistent with the observed reductions in pain and
improvements in function demonstrated in this study.
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Study Limitations

This study has some limitations. First, the small sample size
was influenced by recruitment challenges, particularly in a
community setting where potential participantswere not referred
by health care professionals. Additionally, 15 individuals who
initially expressed interest did not respond to follow-up calls
or invitations. Future studies should consider recruiting from
hospitalsand clinicsto improve participant retention and sample
size. The COVID-19 pandemic further impacted recruitment,
delaying the study for 1 year due to restrictions on in-person
screening. Second, the lack of a control group limits the ability
to attribute improvements solely to the ArmLock sleeve
intervention. A placebo, sham device, or standard treatment
group would help distinguish the intervention’'s effects from
natural recovery or placebo effects. Third, self-reported
compliance may be affected by recall bias or reporting
inaccuracies, as participants tracked device usage in a diary.
Future studies could incorporate wear-time sensors for more
reliable adherence data. Fourth, lifestyle factors such as smoking
and alcohol consumption were not measured in our study,
highlighting alimitation. Future research on this device should
consider assessing these variables to better understand their
potential impact on outcomes. Fifth, although LE typically
presents with an equal sex distribution [2], the number of male
participantsin our samplewastwicethat of female participants.

Acknowledgments

Rios Rincon et d

Future research should consider refining recruitment strategies
and materials to better engage and include femal e participants.
Finally, the lack of long-term follow-up means it is unclear
whether the observed benefits were sustained beyond 12 weeks.
Building on the effect estimates generated by this study, future
research with larger sample sizes should incorporate extended
follow-up assessments at 3 to 6 months postintervention to
evaluate the durability of intervention effects.

Conclusion

This within-subjects repeated-measures study provides
preliminary evidence supporting the ArmLock sleeve as a
promising nonsurgical treatment for LE. Wearing the device
daily for 30 minutes across 12 weeks led to statisticaly
significant improvements in more than 80% of the outcome
variables. Specifically, the intervention resulted in increased
composite extensibility of thewrist and finger extensor muscles,
enhanced PFG, and reduced pain intensity when lifting a 2-Ib
weight. Additionally, participants reported lower self-reported
pain and functional disability. These findings suggest that the
sustained muscle stretching provided by the ArmLock sleeve
contributes to symptom reduction and improved functional
performance in individuals with LE. However, future studies
with a control group and a larger sample size are needed to
provide more conclusive evidence regarding the device's
effectiveness.
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Abstract

Background: Vestibular disorders impair balance, increase fall risk, and reduce quality of life due to dizziness and vertigo.
They are frequently accompanied by heightened anxiety, which may further limit daily functioning and contribute to avoidance
behaviors. Although vestibular rehabilitation has been extensively studied and shown to be effective in managing vestibular
disorders, adherence to home-based exercises remains low for many dizzy patients. Thisis often attributed to uncertainty about
correct performance, lack of feedback, or difficulty maintaining a structured routine. To help address these barriers, Vestibulon,
a smartphone app co-designed with clinicians and patients, was devel oped to support rehabilitation practice by providing guided
exercise, structured scheduling, progress monitoring, and clear instructions intended to promote confidence and engagement.

Objective: We aim to evaluate the potential contribution of a smartphone-based app to vestibular rehabilitation outcomes and
to explore the relationship between dizziness-related disability and anxiety during the intervention.

Methods: Thisrandomized 2-period crossover pilot trial included 20 adults with vestibular dysfunction (mean age 52, SD 12
y) who completed 6 weeks of rehabilitation. Participants were randomized to begin with either app-supported or conventional
treatment before crossing over to the alternate condition after 3 weeks. This design enabled each participant to experience both
modes of rehabilitation. Assessmentswere conducted at baseline (TO), mid-study (after 3wk; T1), and end of study (T2). Outcome
measuresincluded the Dizziness Handicap | nventory (DHI) to assess dizziness-related disability, the State-Trait Anxiety Inventory
to evaluate anxiety, and the Instrumented Timed Up and Go test to quantify functional mobility. The primary outcome was the
change in DHI scores across time points.

Results:  Significant improvements in DHI were observed between TO and T2 in both groups (median change: app first=34,
IQR 6 - 35 points, P=.006; conventional first=18, IQR 10 - 19 points, P=.009). Improvement in Instrumented Timed Up and Go
performance was observed only when the app-supported phase occurred first (Z=-2.45, P=.01), suggesting a potential early
benefit of structured smartphone guidance. State-Trait Anxiety Inventory scores did not change significantly in either sequence.
Acrossall time points, dizziness-related disability and state anxiety demonstrated a consistent and significant moderate correlation
(r=0.64, P<.001), emphasizing the strong interplay between physical and psychological symptomsin individualswith vestibular
disorders.

Conclusions: Thispilot study indicatesthat smartphone-supported vestibular rehabilitation hasthe potential to enhance functional
outcomes for some patients. The consistent association between dizziness and anxiety underscores the relevance of considering
psychological factors in vestibular rehabilitation. Given the preliminary nature of this study and the small sample size, these
findings should beinterpreted cautiously, and further research is needed to determine the app’s effectivenessin larger randomized
controlled trials.

Trial Registration: Clinical Trials.gov NCT05959278; https://clinicaltrials.gov/study/NCT05959278

(JMIR Rehabil Assist Technol 2026;13:e84207) doi:10.2196/84207
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Introduction

Central or peripheral vestibular dysfunction may cause dizziness,
vertigo, and unsteadiness [1]. The periphera injury can be
classified aseither unilateral or bilateral vestibular hypofunction
[2].1n 2014, atotal of 53 - 95 million people across the United
States and Europe endured vestibular hypofunction [3]. The
common symptoms are vertigo, dizziness, instability, ataxia,
nystagmus, and impaired navigational abilities [1,4,5]. A
decrease in balance caused by vestibular hypofunction
significantly increases the risk of falling in active older adults
[6]. The symptoms of vestibular hypofunction may cause
impairment in participation in social gatherings and events,
quality of life, and afeeling of anxiety [7,8].

Alongsideits physical and functional effects, dizziness has been
associated with psychological factors, particularly anxiety
[7,9,10], although the mechanisms underlying this association
are still being investigated. Recent evidence suggests that
cerebellar involvement in vestibular processing may play arole
in thisrelationship [11]. Accordingly, interactions between the
vestibular system and the cerebellum could be key to
understanding the relationship between balance issues and
anxiety disorders[11]. In addition, several studies have shown
that the scores of the Dizziness Handicap Inventory (DHI)
guestionnaire are correl ated with various anxiety questionnaires,
but most of these studies examined specific vestibular
populations, such as people with vestibular migraine, or
measured the correlation at only one point in time [12-14)].

Over the years, several studies [15-18] have shown the safety
and effectiveness of vestibular rehabilitation. In vestibular
rehabilitation, exercises are performed to aleviate symptoms
with habituation exercises, improve gaze stability with
adaptation and substitution exercises, and improve balance[15].
According to the clinical practice guidelines for vestibular
rehabilitation published by the American Physical Therapy
Association and updated in 2022, it isrecommended to practice
3to 5times per day for atota of 20 - 40 minutes daily over 4
to 6 weeks[15].

Despite vestibular rehabilitation’s effectiveness and safety,
patients report difficulty during the process, including time
commitment and difficulty getting to many face-to-face meetings
with the therapist [19]. Moreover, access to vestibular
rehabilitation islimited (eg, in terms of distancefromtheclinic
or clinician availability); in a European survey among vestibular
therapists, 48% described accessibility as difficult or very
difficult [20].

In recent years, studies have examined several ways to make
vestibular practice more accessible, such as through practicing
tai chi or using virtual reality in vestibular rehabilitation [21].
These methods have shown efficacy in some studies [22,23].
Degspitethis, these methods are rarely used in practice, possibly
because it can be challenging to combine short periods of
exercise several times a day [24], as recommended in clinical

https://rehab.jmir.org/2026/1/e84207

practice guidelines. In addition, the high cost of robotic [25] or
virtual-reality [22] systems may also account for the absence
of these technologies from the rehabilitation landscape [22].

Several phone applications have been devel oped in recent years
to aid in vestibular rehabilitation [26-28]. DSilva et al [26] and
Nehrujee et a [27] examined the usability of the application
after a 1-time experience on individualswith vestibular disorders
aswell ason healthy individuals. Hovareshti et a [28] validated
the performance of a tablet application (which can aso be
adapted for mobile phones) designed for monitoring practice
while identifying head movements and gaze focus using the
camera. In addition, they al so presented a case series examining
the effect on eye-gaze accuracy of 3 patients and 1 healthy
individual who used the application [29]. However, these studies
did not examine the effects of the phone applications impact
on patients’ clinical outcomes over the course of the vestibular
rehabilitation program.

To meet the emerging need and address the existing difficulties
in the accessibility of vestibular rehabilitation [19,20,24], we
developed the “Vestibulon” phone app, aimed to help patients
perform their vestibular exercises; the app provides feedback
for the user, gives a clear explanation of each exercise, helps
manage practice time, and provides information and feedback
to the therapist and patient.

Thefirst goal of thisresearch isto examine the effect of practice
with the “Vestibulon” app on functional balance and anxiety
indices. These were measured using the following parameters:
(1) Instrumented Timed Up and Go Test (iTUG), (2) DHI, and
(3) State-Trait Anxiety Inventory (STAI). The second goal is
to assess the associ ation between balance function (iTUG) and
anxiety (STAI). We hypothesized that practice supported by
the app would increase compliance with the practice, thereby
improving indicators of balance and anxiety.

Methods

Study Design

This study was conducted using arandomized crossover design.
Each participant was randomly assigned to 1 of 2 groups, while
gender variables were stratified to ensure an equal distribution.
A computer program determined the randomi zati on into groups.
Due to the nature of the intervention, outcome assessors were
not blinded; no blinding of participants or therapists was
possible, and allocation was not concealed. A total of 6 weeks
of vestibular rehabilitation were given to each participant.
During thefirst period, which lasted 3 weeks, group 1 used the
app for their vestibular rehabilitation, and group 2 did their
vestibular rehabilitation exercises without the app. At the
crossover point, they switched, such that in the second period,
which also lasted 3 weeks, group 1 did their rehabilitation
exercises without the app, and group 2 used the app.
Measurement sessions were held at Sheba Hospita's
otolaryngology clinic between June 2023 and July 2024. This
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study was concluded in July 2024, following completion of
planned recruitment. All study participants gave their written
informed consent. Thistrial isreported in accordance with the
CONSORT (Consolidated Standards of Reporting Trials) 2010
statement: extension to randomized crossover trials (Checklist
1).

Participants

A total of 26 participants were randomly assigned to the study.
Further, 6 participants dropped out during the study, resulting
in 20 participants completing this pilot study. As this is a
preliminary investigation, a formal power analysis was not
performed. Instead, our sample size aligns with literature
suggesting aminimum of 12 participants per arm to adequately
gauge feasihility and variance for future calculations [30]. In
this crossover design, participants received both interventions,
ensuring that the final sample exceeded this minimum
requirement per arm. A broad age range (18 - 75 y) was
intentionally included to allow an initial feasibility assessment
across diverse adult users, in line with the aims of a pilot study.

Inclusion and Exclusion Criteria

Theinclusion criteriawere (1) participants ageof 18 - 75 years,
(2) diagnosis of vestibular dysfunction, and (3) being fluent in
Hebrew. The exclusion criteria were (1) a medical condition
that prevents the participant from performing home vestibular
rehabilitation practice, such as orthopedic, neurological, cardiac,
or visual impairment; (2) individuals with dizziness who have
already been given a home vestibular rehabilitation exercise
program; and (3) diagnosis of central vestibular disorder due
to brain structural damage.

Recruitment

Participants were recruited through the Sheba Hospital Dizziness
Clinic. Clinicians informed eligible patients about this study
during routinevisitsand provided them with astudy information
sheet. Those interested provided their contact details, and a
research team member subsequently contacted them to explain
this study further, confirm eligibility, and schedul e the baseline
assessment.

Ethical Considerations

All study procedures were approved by the Helsinki Committee
of Sheba Medical Center (protocol number 9576 - 22-SMC),
and the trial was prospectively registered on Clinical Trials.gov
(NCT05959278; registration date: 07/06/2023). All participants
provided written informed consent before enrollment and were
informed of their right to withdraw from this study at any time
without consequence. No secondary use of data from prior
studies was involved, and thus no additional waivers or
exemptions were required.

To ensure privacy and confidentiality, all data collected for this
study were anonymized using coded identifiers. No personally
identifying information was stored within the research database
or within the investigational app. Paper-based documents (eg,
consent forms) were stored in alocked cabinet inside alocked
research laboratory, and all digital data were stored on secure,
access-restricted institutional servers. Only authorized study
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personnel had access to coded datasets. Participants did not
receive financial compensation for participation in this study.

Outcome M easures and Data Collection

The investigational smartphone app, Vestibulon, was designed
to support the delivery of conventional vestibular rehabilitation
remotely, with an emphasis on accessibility, clarity, and
adherence. Its development was informed by a participatory
design process, incorporating insights from patients and
clinicians regarding usability, clarity of instructions,
accessibility, and barriersto home-based vestibul ar rehabilitation
[25]. These stakeholder inputs directly shaped core features of
the app, including its simple interface, structured reminders,
and emphasis on supporting daily adherence to standard
vestibular exercises. All participants used the same version of
the app during this study.

Vestibulon enables the clinician to predefine the rehabilitation
parameters for each user, including the type of exercise
(adaptation, habituation, and substitution), frequency, intensity,
and recommended duration, based on the patient’s diagnosis
and clinical characteristics. The exercises included in the app
correspond to standard, widely accepted components of
vestibular rehabilitation. Before each exercise, the app provides
step-by-step written and visual instructions to ensure correct
performance.

To promote adherence, the app delivers push-notification
reminders for exercise sessions. Each user selectsthe preferred
times of day for receiving these reminders and can modify these
settings at any time during the intervention period. When a
reminder appears, users can choose to begin the exercise,
postpone it (“snooze’), or dismiss it. After completing an
exercise session, the user is prompted to provide brief feedback
(eg, whether the exercise was compl eted and whether they wish
to continue). These features are intended to help patients
structure their daily practice and maintain consistency across
sessions. Participants received a brief standardized onboarding
session of approximately 10 minutes, during which the app was
installed and demonstrated, and users were instructed on
selecting reminder times, navigating the exercise interface, and
submitting feedback. No advanced technical skillswererequired
to operate the app. The app functioned reliably throughout this
trial, and no major technical issues or crashes were reported.

Outcome M easures

I nstrumented Timed Up and Go Test

TheiTUG examinesfunctional balance[31]. Thetest measures
the time it takes for a participant to stand up from a seated
position on a chair, walk for 3 meters at their own pace, turn
around, return for 3 meters, turn again, and return to their seated
position [31]. We used the iTUG for a quantitative assessment
for thistest [32]. For the measurement, we used Opal (APDM)
sensors and the instructions in the APDM “mobility lab”
application.

State-Trait Anxiety | nventory

The STAI is a self-report questionnaire designed to examine a
person’s general and current anxiety levels [33]. The
guestionnaire is divided into 2 parts, each consisting of 20
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statements, which the participant should rateonascaleof 1 - 4
according to their degree of agreement [34]. Thisquestionnaire
has been used among patients who endure vestibular disorders
[35]. We used this questionnaire to better distinguish between
the participant’s general and momentary anxiety to assess the
effect of the vestibular rehabilitation on anxiety levels.

Dizziness Handicap | nventory

The DHI is a 25-item questionnaire designed to assess the
impact of dizziness on everyday life in people with vestibular
disorders [36]. The questionnaire has 3 parts. physical,
emotional, and functional [36]. Theminimal clinically important
difference (MCID) of the DHI is an 18-point difference [36].
Participants with a baseline DHI score of <17 were excluded
from the MCID analysis because, given the 18-point MCID
threshold, these individuals could not mathematically achieve
an MCID improvement. Including them would introduce afloor
effect and underestimate the proportion achieving clinically
meaningful change. In 2010, a Hebrew trandation of the
guestionnaire was published [37], and this is the version we
administered to participants. No changes to outcome measures
were made after trial commencement.

Procedures

Thiswas a 2-period, 2-sequence randomized crossover trial. A
washout period was not implemented to avoid interrupting
rehabilitation and potentially compromising clinical progress,
although thismay allow residua effectsto influence the second
phase. Each participant was administered home exercises for
gaze stabilization and habituation for atotal of 20 - 30 minutes
each day, across 7 to 10 sessions (2 - 4 min per session). The
exercises were administered by a vestibular physical therapist.
Upon entry to this study (TO), we took the baseline
measurements of the iTUG, DHI, and STAI. Participants were
then randomized into 1 of 2 groups: one that practiced with the
app first (AF), or one that started with conventional practice
first (without an app; conventional first, CF). At the end of the
first intervention period (T1), we performed the second set of
measurements of the same parameters. This was the crossover
point at which participants from each group switched to the
alternative treatment condition. That is, during the second
intervention period, the AF group received conventional
treatment, and the CF group used the app to perform their
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rehabilitation exercises. Each intervention period lasted
approximately 3 weeks, for atotal of 6 weeks of rehabilitation
per participant.

After the completion of both intervention periods (T2), we
performed the endpoint measurement of the iTUG, DHI, and
STAI. The 6-week period was chosen based on the clinical
practice guidelinesfor vestibular rehabilitation [15]. Participants
were aware of the intervention type. The app-based and
conventional rehabilitation provided the same therapeutic
content but differed in their mode of delivery.

Data Analysis

We used the Kolmogorov-Smirnov test to examine the normal
distribution of quantitative variables on theratio scale.

For evaluating differencesin the STAI, DHI, and iTUG indices
between groups, we used the Mann-Whitney U test. To assess
changesin STAI, DHI, and iTUG across the 3 time points (TO,
T1, and T2), we applied the Friedman test. When significant
differences were identified, post hoc analyses were conducted
using the Wilcoxon signed-rank test, with Bonferroni correction
applied to account for multiple comparisons. Finally, to explore
potential correlations between the iTUG indices, DHI scores,
and the STAI questionnaire, we cal culated Spearman correlation
coefficient. Statistical analysis was performed with SPSS
(version 28; IBM Corp) software, and results were considered
significant when P values were <.05.

Results

Participant Characteristics

A total of 26 participantswere recruited for this study. Further,
20 participants (mean age 52.4, SD 12.6 y; 8 men and 12
women) completed this study (Figure 1, Table 1). There was
no statistically significant difference in the baseline data between
the 2 groups. Participants who completed this study presented
with the following vestibular disorders: bilateral vestibular
hypofunction (n=6), unilateral vestibular hypofunction (n=4),
Meniere disease (n=3), vestibular migraine (n=2), persistent
postural perceptual dizziness (PPPD; n=3), labyrinthitis (n=1),
and postconcussive syndrome (n=1). Furthermore, 6 participants
dropped out during thisstudy (mean age46.7, SD 14.0y; 2men
and 4 women).
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Figure 1. Study overview. The flowchart illustrates the participant enrollment, intervention groups (one that started with app assistance [AF] and one
that started with conventional rehabilitation [CF]), and assessment time points. The app icon indicates the app-assisted rehabilitation period. AF: app
first; CF: conventional first; DHI: Dizziness Handicap Inventory; iTUG: Instrumented Timed Up and Go; STAI: State Trait Anxiety Inventory.
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Table . Demographics and baseline questionnaire scores of each group. Baseline data of each group and the baseline data of all groups together. No
statistically significant difference was found between the groupsin any of the characteristics.

Characteristic AF? (n=11) CF® (n=9) Total (N=20) P value
Age (years), mean (SD) 485 (12.8) 57.3(11.1) 52.4 (12.6) 16°
Gender (woman/man), n(%) 7 (63.6) / 4 (36.4) 5(55.6)/ 4 (44.4) 12 (60) / 8 (40) 53d
DHI® total score, median ~ 54.0 (36-64) 44.0 (32-74) 49.0 (33-68) .88°
(IQR)
DHI physical, median (IQR)  14.0 (9-19) 14.0 (12-18) 14.0(9-18) 91¢
DHI functional, median 18.0(8-28) 20.0 (10-30) 19.0(9-30) 73
(IQR)
DHI emotional, median 20.0 (11-29) 14.0 (10-30) 17.0 (10-30) 73¢
(IQR)
STAIf total, median 1IQR) ~ 83.0(64-92) 92.0 (78-93) 87.0 (64-94) 62°
STAI state, median (IQR)  42.0 (32-49) 44.0 (33-51) 43.0 (32-50) 94°
STAI trait, median (IQR) ~ 34.0 (30-50) 45.0 (34-55) 36.5 (31-54) 67°
ITUG totdl time, mean 114 (22) 11.1(15) 111(18) 7%
(SD)

3AF: app first.

bCF: conventional first.
¢ Mann-Whitney test.

dChi-square test (Fisher Exact Test).
®DHI: Dizziness Handicap Inventory.
fSTAI: State Trait Anxiety Inventory.

9 TUG: Instrumented Timed Up and Go.

Effects of the Phone App on Disability, Anxiety, and
Functional Balance M easures

DHI Total

Both groups (AF and CF) show satisticaly significant
differences between TO-T2 in the DHI total (AF: Z=-2.80,

P=.006; CF: Z=-2.67, P=
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RenderX

.009).

The total DHI score decreased by 62.9% in the AF group and
by 34.6% in the CF group between baseline and end-of-study;
however, the difference between the groups was not statistically
significant (Z=—0.80, P=.42). Figure 2 summarizes the change
in DHI total.

Figure 3 illustrates the changes in the DHI total score during
both practice periods, aswell asthe number of participantswho
reached or exceeded the MCID.
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Figure 2. The changein median DHI total between TO-T2. Within each group (AF and CF), we found a statistically significant difference between TO
and T2. A blue dot indicates an outlier. Blue color represents the app-first group, and orange color represents the conventional-first group. The values
in the box plot represent the median values at TO (first evaluation when beginning the rehabilitation period) and at T2 (last evaluation after 6 weeks of
rehabilitation). AF: app first; CF: conventional first; DHI: Dizziness Handicap Inventory.
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Figure 3. Changein DHI total score and number of patients achieving the minimal clinically important difference score. Top: the change in the DHI
total score between the baseline measurement (first evaluation before the rehabilitation period [TO]) and the second measurement session (second
evaluation after 3 weeks of rehabilitation [T1]) in both groups. Bottom: the change in the DHI total score between the second measurement session (T1)
and the end point measurement session (last evaluation after 6 weeks of rehabilitation [T2]) in both groups. The results of the app-first group are marked
inlight blue; those of the conventional-first group are marked in orange; a phone-app icon indicates that the app was used during this period. The bolded
numbers indicate that these participants’ score changes met or exceeded the MCID threshold. The lighter bars indicate participants with a floor effect,
that is, whose initial DHI score was 17 or below. DHI: Dizziness Handicap Inventory; MCID: minimal clinically important difference.
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By the end of this study, 7 of 9 (77%) participants in the AF
group exceeded the MCID threshold, compared to 2 of 8 (25%)
participantsin the CF group. This difference between the groups
did not quite reach statistical significance (x2,=4.97, P=.06).

When comparing the with-app practice period to the no-app
practice period, regardless of the group (AF/CF), we found that
6 of 17 (35.2%) participants met or superseded the MCID
threshold during the period with the app (TO-T1 for the AF
group and T1-T2 for the CF group), while 3 of 17 (17.6%)
participants met or superseded the MCID threshold without the
app (T1-T2 for the AF group and TO-T1 for the CF group).
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No dtatistically significant change was found between the 3
measurement sessions in the STAI state (x22:0.80, P=.67) or

in the STAI trait (x%=1.71, P=.42) in the AF+CF together, and
in each group separately.

When we divided the data of all the participantsinto 2 groups:
those who met or superseded the MCID threshold in the DHI
total (achange of 18 points or more) and those who did not (a
change of fewer than 18 points), we found opposing trends: the
group that superseded the MCID showed a 10.3% decrease in
the STAI state score between TO and T2, while the group that
did not pass the MCID showed an increase of 15.3% (Figure
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4). This difference is not statistically significant (Z=-1.73, We found a statistically significant change in the post hoc test
P=.09). only between TO-T2 (Z=-2.45, P=.01). In the CF group, no
statistically significant change was found across the 3

In the AF group, a statistically significant change was found )
measurements (X“,=1.75, P=.42).

acrossthe 3iTUG measurements ()(22:9.45, P=.009; Figure5).
Figure 4. Contrasting trendsin STAI State anxiety changes relative to DHI improvement. Participants who achieved or exceeded the MCID in DHI
scores between TO and T2 showed a trend towards lower STAI State scores. Conversely, those who did not reach the MCID in DHI improvement

demonstrated a trend towards higher STAI State scores. DHI: Dizziness Handicap Inventory; MCID: minimal clinically important difference; STAI:
State Trait Anxiety Inventory.
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Figure5. ChangeiniTUG total duration between baseline (first evaluation
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at the beginning of the rehabilitation period [T0]) and the end of this study

(last evaluation after 6 weeks of rehabilitation [T2]) * indicates astatistically significant difference between the time points. iTUG: Instrumented Timed

Up and Go.
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Association Between Anxiety (STAI) to Balance
Function (iTUG) and Dizziness Handicap (DHI)

Therewas no statistically significant correlation between STAI
state and iTUG duration at any time point. However, we

observed a statistically significant moderate-strong positive
correlation between STAl state and DHI total in all 3
measurement sessions (Table 2). Table 2 shows the Spearman
correlation between the STAI state and iTUG duration, and
between the STAI state and DHI total.

Table. Correlations between anxiety scores and DHI?and iTUGP for all participants.

TO® T2 T2®
STAIf state and iTUG duration
r 0.12 -0.36 -0.16
P value .59 19 51
STAI state and DHI total
r 0.59 0.65 0.68
P vaue .005 .002 <.001

3DHI: Dizziness Handicap Inventory.

B TUG: Instrumented Timed Up and Go.

TO: first evaluation when beginning the rehabilitation period.
T1: second evaluation after 3 weeks of rehabilitation.

©T2: last evaluation after 6 weeks of rehabilitation.

fSTAI: State Trait Anxiety Inventory.

Discussion

Principal Findings

Twenty participants completed this 6-week study, with each
subject undergoing 2 phases in random order: a period of
conventional vestibular rehabilitation and a period of
app-assisted vestibular rehabilitation. We examined how
mobile-assisted vestibular rehabilitation affects functional
balance measure (iTUG), dizziness disability (DHI), and anxiety
(STAI). In addition, we examined the association between the

https://rehab.jmir.org/2026/1/e84207

measures (STAI with DHI and iTUG). We found that more
individuals (7/9, 77%) in the AF group reached an improvement
of 18 points or more on the DHI scale, indicating a clinically
meaningful improvement, compared to the conventional-first
group (2/8, 25%). Given the heterogeneity of vestibular
diagnoses represented in our sample, it ispossiblethat different
conditions may respond differently to rehabilitation. For
example, individuals with Méniére disease often show
fluctuating symptom patterns [38,39], whereas patients with
PPPD may require longer or psychologically oriented
interventions [40]. As each diagnostic subgroup in our study
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included only a few participants, subgroup analyses were not
feasible.

Themain contributions of this paper are (1) wefound that using
the “Vestibulon” phone app, as part of the vestibular
rehabilitation process, was associated with improvements in
functional clinical indicesin vestibular rehabilitation (DHI and
iTUG), with a trend suggesting a possible advantage of the
app-assisted condition over conventional rehabilitation; (2) we
found that the correlation between the DHI questionnaire and
the STAI questionnaire remained relatively constant throughout
the rehabilitation period and was moderate (r=0.64, P<.001),
highlighting the importance of addressing both physical and
psychological aspects of vestibular disorders.

The Effect of Using the Phone App on Functional
Outcomes

The finding that DHI scores improved following vestibular
rehabilitation in both groups is echoed in the literature
[15,23,41,42]. Some of those studies showed greater
improvement in DHI than shown in the current study; this
difference may be due to the diverse population participating
in our study, which included a relatively high percentage of
patients (45%) with bilateral vestibular dysfunction, or PPPD,
who sometimes require amore extended period of rehabilitation
or acombination of additional treatments[15].

Our study revealed no significant changes in STAI scores in
either group or in both groupstogether. Thisalignswith areport
by Johansson et a [43], who found no effect on STAI score
after vestibular rehabilitation based on home exercises combined
with cognitive behavioral therapy, in a diverse cohort of
vestibular patients. However, Meli et a [44] found an
improvement in STAI score that was preserved after 2 months
of follow-up; this was after a daily vestibular rehabilitation
program supervised by atherapist, coupled with home practice,
in diverse chronic vestibular patients. Our results may offer a
potential explanation for these conflicting findings. We noted
adistinction between participants who achieved the DHI MCID
and those who did not. Specifically, those who met the MCID
threshold demonstrated improvementsin STAI scores, whereas
those below the threshold showed deterioration (Figure 4).
Although ahigher proportion of participantsreached the MCID
during the app-assisted phase, this differencewas not statistically
significant (P=.057). Therefore, this pattern should be
interpreted cautiously and viewed as preliminary, given the
smal sample size. Similarly, this observation is further
supported by the study by Johansson et a [43], which reported
no change in STAI scores and a relatively modest average
change in the DHI of less than 8 points (whereas the MCID is
18). Combined, these findings suggest that vestibular
rehabilitation’s impact on anxiety may be closely linked to the
degree of improvement in dizzinessrelated symptoms,
highlighting the complex interplay between physical symptoms
and psychological well-being in vestibular disorders.

The results of our study suggest potential advantages of the
app-assisted vestibular rehabilitation over conventional methods,
although the small sample sizelimited our ability to demonstrate
statistically significant differences. Notably, the AF group
showed promising trends in severa key areas. First, for DHI
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MCID attainment, 3 timesasmany participantsin the AF group
(719, 77%) met or surpassed the DHI M CID threshold compared
tothe CF group (2/8, 25%). Although these differencesin MCID
attainment did not reach statistical significance when directly
comparing the 2 conditions (P=.057), the pattern may till
indicate a potential benefit of the app-assisted approach and
warrants further investigation in a larger sample. Second, for
iTUG performance, only the AF group demonstrated a
statistically significant improvement in the iTUG test (Figure
5), indicating a trend toward enhanced functional mobility.
Third, for DHI improvement, the AF group achieved amedian
change of -34 (IQR 6 - 35) points on the DHI, compared to
-18(IQR 10 - 19) pointsin the CF group, potentially suggesting
amore substantial reduction in dizziness-related handicap.

Furthermore, twice as many participants met or surpassed the
MCID threshold of DHI while using the app (6/17, 35.2%) as
participants during conventional treatment (3/17, 17.6%). While
this difference did not reach datistical significance, the
directionality of the findings suggests a potential advantage of
the app-assisted condition. These findings, which suggest a
positivetrend in favor of rehabilitation with the app, need further
investigation. A larger-scale study with an expanded sample
size and additional outcome measures is necessary to validate
the observed trends and conclusively establish whether indeed
the app-assisted vestibular rehabilitation is advantageous over
conventional rehabilitation.

The" Vestibulon" App Compared to Other Apps

Several applications have been devel oped to enhance vestibul ar
rehabilitation, each with unique features and limitations.

For example, D’'Silva et a [26] and Meldrum et a [45]
developed tablet-based apps integrated with an inertial
measurement unit (IMU) sensor placed on the body. D’ Silva et
al [26] demonstrated high usability and improved accuracy in
exercise execution compared to conventional exercises among
individuals with vestibular disorders. However, their findings
were based on a single session rather than a full vestibular
rehabilitation program, and clinical changeswere not assessed.
In contrast, Meldrum at el [45] evaluated their app over an
average of 8 weeks of vestibular rehabilitation and reported
high usability, strong adherence, and reductions in dizziness,
nausea, and anxiety. Nevertheless, they did not compare their
treatment to conventional rehabilitation methods, and symptom
improvement was assessed by subjective ratings rather than
validated clinical tests or questionnaires typically used in
vestibular rehabilitation. Hall et a [46], on the other hand,
developed a vedtibular rehabilitation training system
incorporating a computer application and an external sensor,
based on feedback from clinicians and patients. In a pilot study
with individuals with vestibular hypofunction, their system
demonstrated feasibility and effectiveness over a 4-week
rehabilitation period. Unlike the systems mentioned above, the
solution by Hall et a [46] aso included functional outcomes,
which provide more robust evidence of clinical effectiveness.
However, similar to the systemsin studiesby D’ Silva et a [26]
and Meldrum et al [45], the system requires external hardware,
such asasensor and acomputer or tablet, limiting its portability
and accessihility.
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A main strength of these systems is the ability to provide
accurate real-time feedback through the sensors, increasing
exercise precison. However, the reliance on multiple
components, such as sensors, laptops, or tablets, constitutes a
barrier to portability and accessibility.

Hovareshti et al [28] developed atablet application that detects
eye movement without using IMUs, using the tablet’s camera
itself, and compared its capabilities with IMUs, which showed
good accuracy in head angle error and mean interpeak time
errors. They presented a case series examining the impact of
the practice with the app on eye-gaze accuracy (the ability to
maintain one's gaze focused on atarget while the head moves)
in 3 patientsand 1 healthy individual . They found poor eye-gaze
accuracy in aparticipant exposed to directed energy [29]. Their
significant advantage is their simplicity of use and portability,
which meansthey do not need external sensorswhile providing
accurate feedback based on movement detection. On the other
hand, they have not yet demonstrated the app’s efficacy within
the long vestibular rehabilitation process or compared it with
conventional rehabilitation.

Our smartphone app was developed through a
participatory-design process involving focus groups with
cliniciansand patients[25]. They emphasized the need for ease
of use, clear instructions, feedback, cost-effectiveness, and the
portahility of mobiletechnology such asphone apps[25]. These
insights guided the development of our app. We then tested the
app throughout 6 weeks of vestibular rehabilitation with patients,
using accepted clinical questions and functional tests.

Association Between Dizziness Disability and Anxiety

Our study revealed a moderately positive correlation between
the DHI and the STAI state scores across al 3 measurement
points (r=0.59, r=0.65, and r=0.68 for TO, T1, and T2,
respectively). These findings align with previous research on
the association between DHI and STAI state. For instance, Hong
et a [47] found that DHI was significantly correlated with the
STAI questionnaire in a multicenter study on 407 individuals
with various vestibular disorders, which examined the
psychological effects of the vestibular condition. In addition,
Kim et a [48] examined 544 individual s with various disorders
and examined the effects of anxiety and depression on the
intensity of dizziness; they found that compared to individuals
with low STAI scores, individuals with high STAI scores also
demonstrated higher DHI scores. Both studies examined the
association between STAI and DHI at a single time point,
regardless of the effect of vestibular rehabilitation. Our study
extends these findings by demonstrating the correl ation between
DHI and STAI state at 3 points throughout the process of
vestibular rehabilitation: before treatment initiation, at the
midpoint, and at the conclusion of the 6-week treatment.
Additionally, we observed that participants who exceeded the
MCID threshold on the DHI aso showed improvement on the
STAI state, in contrast with those who did not reach the MCID
threshold and exhibited an increase in their STAI state scores
(Figure4). Thesefindings suggest that one possible contributor
to the positive trend observed with the app-assisted condition
may relate to psychological elements, such as participants
perception of support or feedback, which have been highlighted
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asimportant by patients and clinicians [24]. However, because
these factors were not directly measured in the present study,
this explanation should be considered a hypothesis for future
investigation. The results underscore the relationship between
dizziness symptoms, functional limitations, and anxiety. The
incorporation of these psychological components appears to
address not only the physical aspects of vestibular rehabilitation
but al so the psychological factorsthat can impact recovery and
adherence to treatment.

Interestingly, we found no correlation between STAI trait and
DHI. Schuhbeck et al [49] did find an association between high
STAI trait and DHI scores in the acute phase after vestibular
stroke and high DHI scores at long-term follow-up. The
discrepancy in the findings may be attributed to differencesin
study populations, as we excluded individuals with vestibular
strokes.

Wedid not observe astatistically significant correl ation between
the iTUG test and the DHI scores at any measurement point
(Table 2). Previous studies have reported conflicting results on
the correlation between TUG and DHI, possibly due to
variationsin study populations and test instructions (eg, walking
asquickly aspossiblevsat acomfortable pace). Further research
is needed to clarify the relationship between DHI and iTUG,
with careful consideration of population characteristics and
standardized instructions.

Limitations

Thisisapilot study with a small sample size, which limitsthe
external validity and generalizability of thefindings. Thisstudy
included participantswith adiverse range of vestibular disorders
and a broad adult age range, which offers the advantage of
reflecting the clinical heterogeneity seen in practice. However,
thisdiagnostic and age diversity may also influence the resullts,
as certain vestibular conditions or age groups could have a
disproportionate impact on specific outcomes, particularly in a
small pilot sample.

Furthermore, crossover study designs present inherent
challenges, asit can be difficult to ascertain which phase of the
intervention contributed to the observed changes. In addition,
the lack of a washout period may have introduced carryover
effects between phases, and this should be considered when
interpreting the comparative findings. The absence of blinding
for participants, therapists, and assessors represents an additional
limitation. This may have contributed to performance or
detection bias, especially for subjective outcomes (DHI and
STAI) and for functional assessments such as the iTUG.
Although standardized assessment procedures were used, the
influence of expectancy or assessor awareness cannot be fully
excluded. To address these limitations, future research should
implement a randomized controlled trial with a larger sample
size to enhance the robustness and applicability of the results.

Conclusions

Our findings contribute to the understanding of the interplay
between dizziness, anxiety, and functional mobility in vestibular
rehabilitation. The consistent correlation between DHI and STAI
state scores throughout the rehabilitation process underscores
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the importance of addressing both physical and psychological
aspectsin vestibular disorders.

The “Vestibulon” smartphone app, when integrated into
vestibular rehabilitation, showed improvements across severa
outcomes, with patterns suggesting a possible trend favoring
the app-assisted phase. Taken together with the significant
within-participant improvement in iTUG performance, the

Kaplan et al

observation that more participants exceeded the DHI MCID
threshold during the app-assisted phase suggests that integrating
the “Vestibulon” app into vestibular rehabilitation may offer
clinical benefits. However, these trends did not reach statistical
significance and should therefore beinterpreted as preliminary.
These encouraging preliminary findings support the need for
larger, adequately powered trials to determine the extent of the
app’s contribution to rehabilitation outcomes.
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Abstract

Background: The Timed Up and Go (TUG) test iswidely used to assess mobility and fall risk in older adults and orthopedic
patients. Its instrumented variant (iTUG), based on inertial measurement units, enables an objective quantification of motor
performance and can even be implemented using smartphone technology. However, its broader clinical adoption remains limited
by concerns about reliability, feasibility, and the interpretability of the extracted parameters.

Objective: This study aimed to evaluate the test-retest reliability of variables derived from a single-sensor iTUG in orthopedic
inpatients undergoing rehabilitation and to determine whether a subset of reliable sensor-based metrics can support a
multidimensional assessment of functional mobility and discriminate among common orthopedic conditions.

Methods: Werecruited 104 inpatients at discharge from a rehabilitation ward after total hip arthroplasty, total knee arthroplasty,
or femur fracture. Each participant performed the iTUG test on 2 consecutive days using a smartphone-based solution consisting
of aninertial measurement unit placed on the lower back. From 100 extracted variables, those with excellent test-retest reliability
(intraclass correlation coefficient =0.75) were retained. Exploratory factor analysis was used to identify underlying mobility
domains, and linear discriminant analysis with 10-fold cross-validation tested their ability to classify diagnostic groups.

Results: Out of 100i TUG-derived variables, 36 demonstrated excellent test-retest reliability, and 25 wereretained for multivariate
analysis. Exploratory factor analysisidentified 5 factors—walking ability, pace or rhythm, sit-to-walk smoothness, turning ability,
and mediolateral angular stability—explaining 80.8% of the total variance. These factors showed good classification accuracy
(68%) and achieved an area under the curve of 0.86 and an overall mean accuracy of 0.68 (SD 0.14) for distinguishing among
total hip arthroplasty, total knee arthroplasty, and femur fracture. In contrast, total iTUG duration alone yielded an area under the
curve of 0.62. All patients used walking aids, and gait variables were more reliable than jerk-based or coordination metrics.

Conclusions: The single-sensor iTUG providesreliable and clinically informative metrics that go beyond traditional stopwatch
timing, enabling a multidimensional view of functional mobility in orthopedic patients. The approach is feasible, interpretable,
and compatible with real-world mobile health apps, supporting personalized rehabilitation monitoring and future integration into
digital decision support systems.

(JMIR Rehabil Assist Technol 2026;13:e82632) doi:10.2196/82632

KEYWORDS
instrumented Timed Up and Go; iTUG test; inertial measurement unit; IMU; reliability; orthopedic patient; wearable sensor

in older adults [2-4]. The test involves rising from a chair,
walking 3 m, performing a 180° turn, returning to the chair, and

The Timed Up and Go (TUG) test is widely recognized for its sitting down, with the total time recorded using a stopwatch [5].

simplicity and clinical applicability [1]. It is considered a |tswidespread clinical use stemsfromits practicality and robust
fundamental tool for assessing functiona mobility, including  clinimetric properties. Within neurological practice, the TUG
elements of balance, walking ability, and transitional movements  test is useful in identifying fall risk among people with

Introduction
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conditions such as stroke and Parkinson disease [6]. In
orthopedics, the test has been recommended for evaluating
patients with hip fractures [7] and for distinguishing between
future recurrent fallers and nonfallersin frail older adults post
hip fracture [8]. Additionally, the TUG has been demonstrated
as a valuable test in predicting recovery trajectories: shorter
recovery staysin patients with total hip arthroplasty (THA) [9]
and early identification of postsurgical rehabilitation needs in
patients with total knee arthroplasty (TKA) [10].

The advent of inertial measurement units (IMUs) has expanded
the TUG's potential through detailed and objective kinematic
analysis of its subcomponents. The instrumented TUG (iTUG)
enables the detection of specific functional impairments [11],
improves fall risk sensitivity [12], supports rehabilitation
monitoring, and predicts clinical outcomes[13-15].

Indeed, a recent review has examined different methods for
analyzing the iTUG, focusing on specific aspects such as key
variables, clinical applications, and predictive value [1]. While
this review underscores the clinical potential of the iTUG, its
psychometric propertiesremain insufficiently explored. Existing
research has primarily addressed the reliability of parameters
in healthy older adults or individuals with neurological
conditions[11,16,17].

To the best of our knowledge, no studies have analyzed iTUG
reliability in patients with orthopedic conditions. This study
aimed to evaluate the test-retest reliability of the iTUG in
orthopedic inpatients in a rehabilitative setting. Specifically,
we targeted 3 common orthopedic conditions: THA, TKA, and
femur fractures. Additionally, we sought to identify the most
reliable i TUG variables and assess their ability to discriminate
between these patient groups using exploratory factor analysis
(EFA) and linear discriminant analysis (LDA). We hypothesize
that iTUG-derived variables can effectively distinguish between
the 3 orthopedic groups and that domains related to dynamic
mobility tasks, such as walking, will provide the highest
discriminative value.

The objective is not to enable the diagnosis of those orthopedic
conditions; rather, the hypothesis is that, based on measures
derived from the iTUG, it may be possible to discriminate
among these conditions in the phases immediately prior to
discharge, given the distinct biomechanical implications
underlying each. Thisinitial evidence would support the use of
theiTUG as a promising tool for patient follow-up, whether at
home or during subsequent check-up visits.

Methods

Patients

Between April 2023 and December 2023, all patients admitted
to the musculoskeletal ward of the Department of Physical
Medicine and Rehabilitation at the Istituti Clinici Scientifici
Maugeri Istituto di Ricovero e Cura a Carattere Scientifico
(Gattico-Veruno, Piedmont, Italy) for rehabilitation following
orthopedic surgery were screened for inclusion during the last
3 to 4 days of hospitalization. Patients were dligible if their
primary admitting diagnosis was unilateral THA, TKA, or a
femur fracture surgically repaired with internal fixation.

https://rehab.jmir.org/2026/1/e82632
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Inclusion criteria included being aged 18 years or older, the
ability towalk at least 10 meterswithout assistance (Functional
Ambulation Category score >3), using the walking aid used in
the final days of hospitalization, and the cognitive ability to
understand instructions (Functional Independence Measure
cognitive subscale >29).

Exclusion criteria included the presence of major associated
injuries of the lower or upper limbs, contraindications to
mobilization and weight-bearing on the lower extremities,
clinical instability, disorders of bone metabolism other than
osteoporosis, neurological or maor cardiac diseases,
pathological fractures, aprior history of overt dementia, terminal
illness (life expectancy <6 mo), and prehospitalization
dependence on nursing home care or inability to walk
independently.

Ethical Consider ations

The study was approved by the local ethics committee (2678
CE) and was conducted in accordance with the World Medical
Association’s Declaration of Helsinki. All participants provided
informed consent for study participation. To ensure participants
privacy and confidentiality, all datawere anonymized and coded
using unique identification numbers. No personally identifiable
information was stored in the research database or in the
investigational application, and accessto the datawasrestricted
to authorized study personnel. Participants did not receive any
financial compensation for their participation.

Setting and Procedures

iTUG Test

All evaluations were conducted in the Laboratory of Posture
and Movement at the ICS Maugeri of Veruno. The laboratory
provided a spacious, quiet areawith adequate lighting, suitable
for performing iTUG tests. The iTUG test was recorded
following established protocols developed by Caronni et a
[18,19]. During the test, participants wore a commercia IMU
secured with a belt around their lower back at the level of the
third lumbar vertebra (L 3).

All participantswereinstructed to perform thei TUG test, which
consisted of standing up from a chair, walking 3 m, pivoting,
returning to the chair, and sitting down. An ordinary chair with
a seat height of 44 cm was used. To mark the turning point, a
yellow and black tape was placed on the floor at a distance of
3 m from the chair.

Participantsinitiated the task upon receiving astart signal from
theiTUG commercial software and wereinstructed to maintain
a comfortable and safe walking pace throughout the test.

I nstrumentation

The iITUG system was supplied by mHealth Technologies srl
(Monte San Pietro, Italy) in a portabl e briefcase containing the
following components. amotion sensor with itscharging station
and power supply; 2 fabric belts of different sizes, equipped
with Velcro closures, to secure the sensor to the patient; an
Android smartphone with its charging cable; a user manual; a
quick guide; and adeclaration of conformity. The motion sensor
is a lightweight IMU (22 g) with dimensions of 54 mmx33
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mmx14 mm. It incorporates atriaxial accelerometer, atriaxial
gyroscope, and a triaxial magnetometer, offering a maximum
sampling frequency of 200 Hz. The sensor is positioned at the
third lumbar vertebra (L 3) using a Vel cro-secured belt, with the
buttons facing downward. Proper positioning is critical, as
incorrect placement results in unreliable data.

The system connects the IMU to a smartphone via Bluetooth,
with the smartphone acting asthe central processing and control
unit. During thei TUG test, the IMU captures movement signals,
which are processed by the smartphone app “mTUG,” devel oped
by mHealth Technologies srl. The app manages the system and
generates areport on the patient’s kinematic performance during
thetest. TheIMU signals providethetotal duration of the TUG
test and, through validated algorithms [16,17], automatically
segment the test into four distinct phases: (1) sit-to-walk, (2)
walk, (3) turn 180°, and (4) turn-to-sit. From each test, a total
of 100 metricsis obtained (Multimedia Appendix 1).

Procedure

The iTUG procedures were conducted by 4 licensed physical
therapists who underwent a dedicated half-day training session
focused on standardized test administration, including sensor
placement, task instructions, and use of the dataacquisition and
analysis software. Each participant was evaluated twice: first
on the third-to-last day of hospitalization and then 24 hours
later. A rater, randomly selected from the pool of 4 trained
raters, conducted the evaluation. Therater provided instructions,
demonstrated the procedure, secured the belt with the sensor,
and initiated the measurement by activating the softwareto give
the start signal. To ensure familiarity with the test, participants
performed an initial trial that was not recorded and excluded
from the analysis, following established guidelines [11]. After
thefamiliarization trial, participants completed 2 recorded trials.
During each trial, the rater manually recorded the time to
complete the TUG test using a stopwatch in addition to the
automated measurements provided by the iTUG system. The
entire procedure, including the familiarization trial and the 2
recorded trias, was repeated 24 hours later by a different
randomly selected trained rater.

Data Analysis

Reliability Measures

The best iTUG trid, thet is, the trial with the shortest time
recorded by the stopwatch, recorded on the first day was
compared with the best trial recorded on the second day. These
iTUG tests were used to calculate the test-retest reliability of
the 100 variables collected for each participant, expressed as
intraclass correl ation coefficients (ICCs). In particular, we used
an ICC 2,1 (model 2, form 1) [20] because the rater was not
fixed and the data used to calcul ate the | CC were the measures
of asinglewalking trial. An ICC less than 0.40 was considered
to indicate poor reliability, between 0.40 and 0.59 indicated
moderate reliability, between 0.60 and 0.74 indicated good
reliability, and 0.75 or greater indicated excellent reliability
[21]. All variables that obtained an 1CC value less than 0.75
during reliability eval uation were excluded from the subsequent
analysis.

https://rehab.jmir.org/2026/1/e82632
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Only after completing the variable reduction process, and thus
after analyzing the correlation matrix, wasit decided to calculate
other measures of agreement for the resulting variables. Indeed,
the SE of measurement (SEM), to assess the absolute error of
the instrument, and the minimum detectable change (MDC),
which represents the smallest change considered significant
beyond the measurement error of an individual, were employed
[20,22]. The SEM was calculated by multiplying the SD of the
measurements by the square root of 1 minus the ICC (SD x
V1-ICC). The MDC at 90% was derived using the formula
MDC=1.65x2xSEM.

Correlation Matrix

For simplicity, we choseto perform all analyses on the variables
collected during the first trial on the first day of testing. The
variables included in the correlation matrix were tested for
normal distribution using the Shapiro-Wilk test and Q-Q plot.
For variables with nonnormal distributions, a logarithmic
transformation was applied, followed by a reassessment of
normality. Subsequent analyses were performed using the
transformed variables where appropriate.

The data were screened for factorability using severa
well-described criteria, including the Kaiser-Meyer-Olkin
(KMO) measure for sampling adequacy, the Bartlett test of
sphericity, an anti-image correlation matrix [23-26], and the
Pearson correlation and determinant score.

« The KMO statistic ranges from 0 to 1, with values above
0.50 considered acceptable for individual variables and a
total value above 0.70 deemed adequate for the overall
correlation matrix [20].

«  TheBartlett test of sphericity evaluatesthe null hypothesis
that the original correlation matrix is equal to an identity
matrix (one with al 1's on the diagonal). A significant
Bartlett test (P<.05) suggests that the variables are suitable
for factor analysis. This condition prevents the application
of factor analysisbecauseit seeksitemsthat are sufficiently
correlated for the extraction of the factors or dimensions
[20].

« The anti-image correlation matrix was inspected to test
whether partial correlations among variables were small;
we calculated the percentage of elements with values
exceeding 0.30.

« From the correlation matrix, created to explore the
rel ationships between variables, only variableswith Pearson
correlation coefficients =0.20 but <0.90 were considered,
in order to avoid the presence of both isolated variablesand
multicollinearity [20].

« The determinant of a correlation matrix assesses issues
related to extreme multicollinearity (ie, questionnaireitems
with high corrélations) and singularity (questionnaireitems
with perfect correlations). These issues can hinder the
application of exploratory factor analysis, indicating the
need to exclude problematic items. Since the determinant
of acorrelation matrix can range from 0 to 1, it should be
greater than 0.00001 to mitigate the potential problems
associated with multicollinearity and singularity [27].

JMIR Rehabil Assist Technol 2026 | vol. 13| e82632 | p.101
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

Exploratory Factor Analysis

We conducted an EFA using principal component extraction
with varimax rotation. While principal component analysisis
not inherently alatent variable model, it iscommonly employed
in EFA as a factor extraction method when the objective is to
identify underlying constructs [23]. The resulting factors were
interpreted as latent dimensions of iTUG performance. iTUG
variables were first standardized and mean-centered. The
number of factorsto retain was determined using the following
standard criteria [28]:

« Kaiser criterion [28,29], which retains only factors with
eigenvalues 21

«  Cattell screetest [30], based on the visual inspection of the
plot of eigenvalues

« Horn parallel analysis[31], where random eigenvalues are
compared to the observed data to identify meaningful
factors

Only variables with factor loadings =|0.40| were considered
relevant contributors to each factor. The factor scores for each
individual werethen computed and used in subsequent analyses,
representing the extent to which each participant expressed the
corresponding latent dimension [32].

Linear Discriminant Analysis

The factor scores derived from the EFA were entered into an
LDA with 10-fold cross-validation to evaluate the ability of
iTUG variablesto classify patientsinto the 3 diagnostic groups
(THA, TKA, and femur fracture). Model performance was
assessed using receiver operating characteristic (ROC) analysis,
and discrimination was quantified using the area under the curve
(AUC). The AUC of the proposed model was compared with
that obtained from manually timed TUG performance
(stopwatch) and with AUC values derived from an LDA model,
including all iTUG variableswith good reliability (ICC>0.75).
AUC values were computed and reported separately for the
THA, TKA, and femur fracture groups.

https://rehab.jmir.org/2026/1/e82632
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AUC values were interpreted as follows: poor discrimination,
AUC<0.70; moderate discrimination, AUC between 0.70 and
0.89; and high discrimination, AUC=0.90. Classification
accuracy, calculated from the confusion matrix, was also
reported separately for each diagnostic group.

Statistical Analysis

Mean (SD) values were used for descriptive statistics, and mean
(SE) values were used for the figures. One-way ANOVA was
used for the direct comparison between 2 variables (“Total
Durationtill initial contact with the chair” vs TUG test duration
by chronometer). The level of significance was set at P<.05.
Statistical analysis was conducted using R software (R
Foundation for Statistical Computing), with the packages blandr,
EFAtools, FactoMineR, graphics, irr, lattice, MASS, methods,
multiuS, psych, and stats.

Sample Size Calculation

The sample sizerequired for the reliability study was calculated
based on the |CC method [33]. With 2 assessorsusing theiTUG
system and assuming a reliability of at least 0.7, a sample of
104 patients was determined to be adequate.

Results

Participants

Of the 266 inpatients screened, 112 (42%) met the inclusion
criteria and were enrolled in the study. The remaining patients
were excluded from the study for the following reasons. no
walking ability, cognitiveimpairments, clinical instability, other
types of fractures besides femur fractures, or severe
comorbidities. Among the 112 recruited participants, 3 did not
undergo the second-day trial due to clinical reasons, 2 did not
return for reassessment, and for 3 others, iTUG data could not
be extracted due to software malfunctions. Thus, thefinal sample
comprised 104 participants. Of these, 47% were hospitalized
for femur fractures, 36% for THA, and 17% for TKA. Table 1
presents the clinical characteristics of the assessed patients.
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Table. Characteristics of the recruited sample (N=104).

Characteristics Value
Demographic
Age (y), mean (SD) 73.6 (10.9)
Sex, n

Female 69

Male 35
Clinical
BMI, mean (SD) 22.8(3.5)
Interval between surgery and assessment (d), mean (SD) 26.4 (6.8)
Injury side, n

Right 54

Left 50

Type of surgical intervention, n

TKA? 18
THAP 37
Femur fracture by osteosynthesis 20
Femur fracture by THA 29

3TKA: total knee arthroplasty.
bTHA: total hip arthroplasty.

Reliability Measures versus 17.6 (SD 6.3) seconds for iTUG, with no significant

differences among orthopedic groups (ANOVA; P=.09). The
The total iITUG duration recorded using the stopwatch was  |CC for this variable was 0.90 (95% CI 0.849 - 0.928), and it
highly comparableto theiTUG-derived variable“Total Duration  was therefore included in the subsequent EFA. Figure 1

till initial contact withthe chair” (correlation: y =0.99x + 0.24;  jl|ustrates the stepwise selection process for reliable iTUG
Re=0.99). Themeantimewas 17.5 (SD 6.3) secondsfor manual  variables.
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Figure 1. Flowchart describing the initial selection of variables from the instrumented Timed Up and Go (iTUG) test. ICC: intraclass correlation

coefficient; KMO: Kaiser-Meyer-Olkin.

Variables collected (N=100)

Reliability:
* Removed variables with ICC<0.75

Y

Removed:
64 variahles

Correlation matrix:
* Considered variables with

correlation coefficients 20.20 but
without high correlation (20.90)

Removed:
11 variahles

KMO measure:

* KMO of each singlevariable<0.50is
unacceptable;

* Overall KMO should be =0.70

Removed:
none

Overall KMO=0.86

|

Variables retained (N=25):

Mean angular velocity of the 180° turn */s)

Mean step length (m)

Number of steps duringwalk

Peak angularvelocity ofthe 180 turn (%/s)

Peak angularvelocity of the sittingturn (%/s)

Range of the anteroposterior acceleration during sittowalk (ms?)
Range of the anteroposterior acceleration during walk {ms?)
Range of the anteroposterior angular velocity duringwalk (%/s)
Range of the mediclateral acceleration duringwalk (ms?)

Range of the mediclateral angular velocity during sittowalk (*/s)
Range of the mediclateral angular velocity duringwalk [*/s)
Range of the vertical acceleration during sitto walk (ms?)

Range of the vertical acceleration during walk (ms?)

Root mean square of the anteroposterior acceleration during walk (ms?)
Root mean square of the anteroposterior angularvelocity duringwalk (%/s)
Root mean square of the mediclateral acceleration duringwalk {ms?)

Root mean square of the mediclateral angularvelocity during sittowalk (%/s)
Root mean square of the mediclateral angularvelocity duringturn to sit(*/s)
Root mean square of the mediclateral angularvelocity duringwalk (%/s)
Root mean square of the vertical acceleration during sitto walk (ms?)

Root mean square of the vertical angularvelocity duringwalk (%/s)

Total duration till initial contact with the chair(s)

Total number of steps

Turn to sitduration tillinitial contact with the chair(s)

Walkduration (s)

Giardini et al

ICCvauesfor al 100iTUG variablesinitialy considered were
calculated. Subsequently, only variables with high ICC vaues
were retained, resulting in a total of 36 variables. Figure 2
illustrates the ICC of these variables, providing an assessment
of test-retest reliability: each point representsthe ICC value for

avariable, with error bars indicating the 95% Cls around the
estimate. These intervals reflect the precision of the ICC
measurement; narrower intervals denote higher confidence in
the reliability estimate. With these 36 reliable variables, a
correlation matrix was cal culated.
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Figure 2. Representation of the test-retest reliability of the 36 variables, divided into the different tasks of the instrumented Timed Up and Go (iTUG)
test, with intraclass correlation coefficient (ICC) values >0.75. The top orange bar indicates excellent ICCs, meaning >0.90, while the yellow bar

JMIRREHABILITATION AND ASSISTIVETECHNOLOGIES
indicates ICCs >0.75, used as a cutoff to identify highly reliable variables.
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were then evaluated again for normality. Based on the
predefined criteria for the correlation matrix (see “Methods’

Of the 36 retained variables, 6 were normally distributed; the  section), 11 variables were eliminated from theinitial group of

remaining variableswerelog-transformed, and their distributions 36 variables (Figure 3).

Correlation Matrix and Factor Analysis
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Figure 3. Correlation matrix, shown as heatmap, between the final 25 variables of the instrumented Timed Up and Go (iTUG) test. Data from all

participants were used to prepare the matrix (N=104). Variables shown in bold were aready normally distributed and did not require logarithmic
transformation. | C: initial contact; RMS: root mean square; ST: sitting turn; STW: sit-to-walk; TTS: turn-to-sit.
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Mean angular velocity - 180° turn

Peak angular velocity - 180° turn

Mean angular velocity - 180° turn

Peak angular velocity - ST

Walk duration

Peak angular velocity - 180° turn

Peak angular velocity - ST

Number of steps - Walk

Walk duration
Number of steps - Walk

Range anteroposterior acceleration - Walk

Range mediolateral acceleration - Walk

Range anteroposterior acceleration - Walk

Range vertical acceleration - Walk

Range mediolateral acceleration - Walk

RMS anteroposterior acceleration - Walk

Range vertical acceleration - Walk

RMS mediolateral acceleration - Walk

RMS anteroposterior acceleration - Walk

Range anteroposterior angular velocity - Walk

RMS mediolateral acceleration - Walk

Range mediolateral angular velocity - Walk

Range anteroposterior angular velocity - Walk

RMS anteroposterior angular velocity - Walk

Range mediolateral angular velocity - Walk

RMS mediolateral angular velocity - Walk

RMS anteroposterior angular velocity - Walk

RMS vertical angular velocity - Walk

RMS mediolateral angular velocity - Walk

Total duration till chair IC

TTS duration till chair IC

RMS vertical angular velocity - Walk
Total duration till chair IC
TTS duration till chair IC

Sampling adequacy was confirmed (KMO=0.86), and the
Bartlett test indicated significant correlations among variables
(X?300=3199.92; P<.001). The determinant of the correlation

matrix was 7.36 x 107 indicating no issues with
multicollinearity or singularity. The percentage of partial
correlations below the threshold of 0.3 in the anti-image

each variable on the 5 extracted factors, which were labeled
according to their conceptua meaning and the naming
convention proposed by Coni et a [34]: “walking ability,” “pace
or rhythm,” “sit-to-walk smoothness,” “turning ability,” and
“mediolateral angular stability.” The factor loadings were

derived from a PCA with varimax rotation, which preserves

correlation matrix was 16%, a value that can be considered
adequate for proceeding with factor analysis.

Table 2 showsthe correlations among the 25 selected variables,
with all pairwise correl ations exceeding the minimum acceptable
threshold of 0.2. The table a so reports the factor loadings for

https://rehab.jmir.org/2026/1/e82632
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orthogonality and retains the full variance of the original data.
PCA identified 5 components with eigenvalues =1 (Kaiser
criterion), and thiswas confirmed by the Horn parallel analysis.
Together, these 5 components explained 80.8% of the total
variance in the iTUG dataset, with individua contributions of
0.54, 0.09, 0.07, 0.06, and 0.05 of the variance, respectively.
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Table. Factor loadings of the instrumented Timed Up and Go (iTUG) variables after principal component analysis®.
Walking ability Pace or rhythm

Sit-to-walk smoothness  Turning ability Mediolateral angular

stability

Range of the anteropos-
terior acceleration dur-

ing walk (ms?)

Range of the anteropos-
terior angular velocity
during walk (°/s)

Range of the mediolat-
eral acceleration during

walk (ms?)

Range of the vertica
acceleration during

walk (ms?)

Root mean square of
the anteroposterior ac-
celeration during walk

(ms?)

Root mean square of
the anteroposterior an-
gular velocity during
walk (°/s)

Root mean square of
the mediolateral accel-
eration during walk

(ms?)

Root mean square of
thevertical angular ve-
locity during walk (°/s)

Mean step length (m)

Number of stepsduring
walk

Total duration till ini-
tial contact with the
chair (s)

Total number of steps
Walk duration (s)

Range of theanteropos-
terior acceleration
during sit-to-walk
(ms?)

Range of the mediol at-
eral angular velocity
during sit-to-walk (°/s)

Range of the vertical
acceleration during sit-

to-walk (ms?)

Root mean square of
the mediolateral angu-
lar velocity during sit-
to-walk (°/s)

Root mean square of
the mediolateral angu-
lar velocity during
turn-to-sit (°/s)

0.529

0.811

0.828

0.704

0.474

0.791

0.782

0.530

—0.405

0.492

0.903
—0.900

—0.598

-0.771
—0.786

0.823

0.749

0.576

0.801

0.547

0.489

0.403

0.469

—0.630

-0.451

0.422

0.410
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Walking ability Pace or rhythm Sit-to-walk smoothness  Turning ability Mediolateral angular
stability

Root mean squareof — — — 0.795 — _
the vertical accelera
tion during sit-to-walk

(ms?)

Mean angular velocity — — — 0.858 —
of the 180° turn (°/s)

Peak angular velocity — — — 0.743 —
of the 180° turn (°/s)

Peak angular velocity — — — 0.827 —
of the sitting turn (°/s)

Turnto sit duration till — — — -0.823 —
initial contact with the
chair (s)

Range of themediolat- — — — — 0.845
era angular velocity
during walk (°/s)

Root mean square of — — — — — 0.857
the mediolateral angu-

lar velocity during

walk (°/s)

talicized values indicate the highest loading for each variable, representing the primary factor association. Only values greater than 0.4 are reported
in the table. Variables shown initalics were aready normally distributed and did not require logarithmic transformation.

BNot applicable.

Linear Discriminant Analysis successfully discriminated between the 3 diagnoses with an
accuracy of 0.68. These 5 factor scores demonstrated a total

LDA revealed that the first 5 factor scores, corresponding to  AUC of 0.87, with an AUC of 0.83 for THA, 0.97 for TKA,

the factors walking ability, pace or rhythm, sit-to-walk and 0.82 for femur fractures (Figure 4).

smoothness, turning ability, and mediolateral angular stability,

https://rehab.jmir.org/2026/1/e82632 JMIR Rehabil Assist Technol 2026 | vol. 13 | 82632 | p.108
(page number not for citation purposes)

RenderX


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

Giardini et al

Figure 4. Representation of receiver operating characteristic (ROC) curves. ROC compares the classification performance of instrumented Timed Up
and Go (iTUG) duration (variable labeled asiTUG “total duration till initial contact with the chair”; red), factors (f1-5; blue), and 5 randomly selected
variables (green). Sensitivity is plotted against 1-specificity, illustrating the discriminative ability of each variable. The curves demonstrate the ability
of different predictors to distinguish between patient diagnoses: total hip arthroplasty (THA; solid lines), total knee arthroplasty (TKA; long dashed

lines), and femur fracture (short dashed lines). AUC: area under the curve.
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(0.2 Class 2 allvariables (AUC: 0.91)
Class 3 allvariables (AUC: 0.73)
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= = Class 2 iTUG duration (AUC: 0.70)
0.0= Class 3 1TUG duration (AUC: 0.65)
| | | | | |
0.0 0.2 04 06 0.8 1.0

1-specificity

The accuracy of the discriminant analysis model using the
variable “total duration” was 0.50, with atotal AUC of 0.65. In
contrast, the model including al iTUG variables with good
reliability achieved an accuracy of 0.54 and an AUC of 0.79.

M easures of Agreement

Table 3 shows the descriptive statistics, test-retest reliability
indices, and measurement error parameters for the retained
variables (n=25) across 2 sessions (day 1 and day 2). Each
variable is accompanied by its mean and SD for both days,

https://rehab.jmir.org/2026/1/e82632
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reflecting the overall consistency of the measures across time.
The SEM provides an estimate of the measurement error
attributable to random variations, offering insight into the
precision of each variable. Lower SEM values reflect greater
measurement precision. The MDC, derived from the SEM,
represents the smallest change in a variable that can be
interpreted as a true difference beyond measurement error.
Larger MDC values indicate greater variability in detecting
meaningful changes over time, whereas smaller values suggest
higher sensitivity.
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Table. Descriptive statistics and agreement measures of the retained variables (n=25).

Giardini et al

Variable

Day 1, mean (SD)

Day 2

Mean (SD)

ICC

Iccd

95% Cl SEMP MDC®
(90%)

Total num-
ber of steps

Mean step
length (m)

Range of the
anteroposteri-
or accelera
tion during
sit-to-walk

(ms?)

Range of the
verticd accel-
eration dur-
ing sit-to-
walk (ms?)

Root mean
square of the
vertical accd-
eration dur-
ing sit-to-
walk (ms?)

Range of the
mediolateral
angular ve-
locity during
sit-to-walk
(°ls)

Root mean
square of the
mediolateral
angular ve-
locity during
sit-to-walk
(19

Root mean
square of the
mediolateral
angular ve-
locity during
turn-to-sit
9

Mean angu-
lar velocity

of the 180°

turn (°/s)

Peak angular
velocity of
the 180° turn
9

Peak angular
velocity of
the sitting
turn (°/s)

Walk dura-
tion (s)

15.298 (4.952)

0.573 (0.192)

9.842 (2.058)

4.724 (2.091)

1.337 (0.512)

143.058 (53.462)

52.204 (15.502)

0.700 (0.305)

66.099 (27.070)

124.330 (42.056)

130.800 (46.552)

9.134 (3.804)

14.644 (4.110)

0.589 (0.167)

9.702 (2.217)

4733 (1.812)

1.373 (0.505)

150.363 (52.583)

54.974 (15.589)

0.726 (0.340)

72.208 (29.286)

131.032 (45.224)

140.803 (51.975)

8.181 (3.073)

0.779

0.775

0.784

0.805

0.882

0.871

0.890

0.482

0.901

0.911

0.889

0.790

0.689-0.846 2.138 4.973

0.669-0.847 0.085 0.198

0.681-0.853 0.993 2.310

0.712-0.868 0.862 2.005

0.826-0.920 0.174 0.406

0.808-0.913 19.064 44.351

0.830-0.927 5173 12.035

0.236-0.649 0.232 0.539

0.834-0.938 8.911 20.730

0.863-0.941 13.07 30.405

0.823-0.928 16.489 38.359

0.648-0.869 1.597 3.714

https://rehab.jmir.org/2026/1/e82632

RenderX

JMIR Rehabil Assist Technol 2026 | vol. 13| e82632 | p.110
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Giardini et al

Variable Day 1, mean (SD) Day 2 lcca

Mean (SD) Icc 95% Cl SEMP MDCE
(90%)

Number of ~ 10.019 (4.098) 9.404 (3.287) 0.855 0.783-0.903 1417 3.296
steps during
walk

Range of the 5.369 (2.001) 5.697 (2.093) 0.862 0.794-0.908 0.76 1.769
anteroposteri-

or accelera

tion during

walk (ms?)

Range of the 5.868 (2.192) 6.338 (2.704) 0.868 0.797-0.913 0.896 2.085
mediolateral
acceleration
during walk

(ms?)

Range of the 6.810 (2.722) 7.349 (2.670) 0.901 0.840-0.937 0.849 1.974
vertica accdl -

eration dur-

ing walk

(ms?)

Root mean  1.438 (0.490) 1.553 (0.557) 0.810 0.711-0.874 0.23 0.534
square of the

anteroposteri-

or accelera

tion during

walk (ms?)

Root mean  0.915 (0.287) 0.982 (0.325) 0.912 0.846-0.946 0.091 0.212
square of the

mediolateral

acceleration

during walk

(ms?)

Range of the 54.028 (19.465) 56.768 (20.359) 0.863 0.797-0.907 7.372 17.150
anteroposteri-

or angular

velocity dur-

ing walk

(°ls)

Range of the 72.046 (27.695) 73.475 (27.123) 0.812 0.723-0.872 11.862 27.595
mediolateral

angular ve-

locity during

walk (°/s)

Root mean  9.390 (3.202) 9.997 (3.766) 0.888 0.828-0.926 1172 2.726
square of the

anteroposteri-

or angular

velocity dur-

ing walk

(°ls)

Root mean  13.355 (4.248) 14.005 (5.014) 0.901 0.852-0.934 1.46 3.396
square of the

mediolateral

angular ve-

locity during

walk (°/s)
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Variable Day 1, mean (SD) Day 2

Mean (SD)

Iccd

ICC 95% ClI

MDC*
(90%)

Root mean
square of the
verticd angu-
lar velocity
during walk
(°ls)

Total dura-
tion till ini-
tial contact
with the
chair (s)

20.331 (6.604) 21.725 (6.561)

17.671 (6.248) 15.838 (5.291)

Turn-to-sit
duration till
initial con-
tact with the
chair (s)

4.165 (1.931) 3.683 (1.655)

0.803 0.702-0.868 2934 6.826

0.853 0.619-0.929 2.241 5.214

0.738 0.603-0.826 0.926 2.155

4 CC: intraclass correlation coefficient.
bSEM: SE of measurement.
°MDC: minimal detectable change.

Discussion

This study demonstrated that, in a sample of heterogeneous
orthopedic patients discharged from a rehabilitative ward, only
25 out of the 100 original or exported i TUG variableswere both
reliable and capable of fitting into a robust assessment model
with good indices. EFA on thismodel identified 5 domains that
contribute to motor performance: walking ability, pace or
rhythm, sit-to-wa k smoothness, turning ability, and mediolatera
angular stability. The ability of these factors to differentiate
between the 3 orthopedic diagnosesis significantly higher than
thetotal duration of thetest. Thisfinding underscorestheclinical
value of moving beyond single-duration metrics toward a
multidimensional, sensor-based assessment framework.

A total of 36 out of the 100 variables derived from the iTUG
exhibited excellent test-retest reliability. The fact that only
one-third of the variables arereliableis consistent with findings
previously reported in a population of elderly patients with
femoral fractures [35]. In recent years, severa studies have
investigated the reliability of theiTUG in different populations
[36-39], yet none have conducted a detailed analysis of
individual variable reliability in patients with knee or hip
replacements.

In our study, “Total Duration till initial contact with the chair”
was found to be more reliable than the durations of the
individual subphases. The most reliable variables were those
related to the walking phase, whereas jerk-based metrics did
not reach adequate level s of reliability. Thisfinding isconsistent
with previous literature suggesting that the limited reliability
of jerk-based features may be due to multiple concurrent factors,
particularly during postural transitions such as sit-to-stand [ 39].
As reported by Weiss et a [40], outcome measures like jerk
and range, which are highly sensitive to subtle variations and

https://rehab.jmir.org/2026/1/e82632

signal noise, may show greater variability and therefore reduced
reliability, despite standardized acquisition protocoals.

As expected, the measures that can be obtained using a
stopwatch—that is, total duration and the gait variables derived
from it (ie, gait speed, mean step duration, and
cadence)—showed high reliability. It is worth noting that,
although these variables can be derived from manual timing,
theinstrumented test additionally offersthe advantage of being
operator-independent [41].

Measures of stability, regularity, and coordination exhibited
low reliability, likely due to the limited number of steps
performed during the iTUG test. It is well established that
reliable stability and coordination metricstypically require more
than 20 to 25 steps [42,43]. In our sample, participants
performed, on average, fewer than 15 steps, highlighting a
limitation inherent to the test itself rather than to the measures.

Furthermore, all participants in our orthopedic patient sample
used awalking aid, which appears to compromise jerk-related
measures by disrupting the natural flow of gait [44]. Asaresult,
only 1 jerk variable during the walking phase demonstrated
good reliability.

A recent review has confirmed the reliability of single-point
IMUs for gait metric analysis and their potential to support
clinical applications, especially when placed over the L3-L4
vertebrae [45]. This approach has been shown to be valid for
the iTUG as well [16]. Despite the simplicity of use and the
demonstrated validity of using a single IMU placed over the
lumbar region, the accuracy of spatiotemporal gait parameter
estimation issignificantly influenced by sensor placement [46].
For instance, although the average error across multiple strides
remained consi stent across different sensor positions, significant
variations were observed in single-stride errors and variability
parameters [47]. Practical considerations, such as ease of
execution and time efficiency associated with different IMU
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configurations, also play an important role. The single-sensor
approach offers a clear advantage in terms of usability, as
starting data collection is as straightforward as pressing “ start”
on asmartphone, comparable to using astopwatch. On the other
hand, while adding more sensors can enhance datarichness and
improve the accuracy of the estimation of some features, it
might notably increase the time required to complete the
evaluation, anditsreliability would still beinfluenced by sensor
placement [47,48]. Therefore, the iTUG test with only a
single-sensor setup provides a good balance between sensor
count and wearability, which is an optimal tradeoff between
accuracy and practicality in real-world applications.

Furthermore, asingle sensor for mobility assessment facilitates
thetransition of clinical evaluationsfrom traditional supervised
clinical settings to unsupervised home environments, thereby
promoting and enabling continuity of care scenarios where the
patient receives integrated, coordinated, and person-centered
care, both during acute episodes and in the management of
chronic conditions, reducing fragmentation in health care
delivery [45].

Previous studies have demonstrated the use of iTUG measures
in distinguishing preoperative functional status across various
orthopedic conditions [49]. For instance, Bloomfield [50]
categorized patients undergoing total knee replacement into
moderate-functioning and low-functioning groups based on
preoperative test duration. Similarly, Gasparutto et al [51]
conducted a biomechanical analysisof the TUG test in total hip
replacement patients, comparing functional deficits in each
phase of the test in patients with those of a control group.
However, these discriminative capabilities within relatively
homogeneous orthopedic populations appear to be primarily
driven by large differencesin total test duration, rather than by
theintrinsic discriminative power of the extracted sensor-based
variables. In fact, both studies reported differences exceeding
the 4-second minimal clinically important difference for
orthopedic populations[52], potentially limiting the added value
of sensor-based analysis.

In contrast, given the lack of significant differences in total
TUG duration among the 3 patient groups, our findings suggest
that this measure alone is insufficient to differentiate between
groups in a sample of relatively high-functioning individuals.
Instead, our iTUG-based model, which incorporates the 5
principal components, provided a significantly superior
discriminative ability compared to total duration alone.
Specifically, the iTUG model achieved an AUC greater than
0.8, whereas the model based solely on total duration yielded
an AUC less than 0.7, indicating limited predictive power.

Overall, our resultsreinforce the added value and sensitivity of
iTUG over the traditional stopwatch-based TUG. At the same
time, they show that when sensor technology is not used and
only standard variables are considered, the total duration
recorded by the iTUG remains comparable to conventional
measurements, as recently reported by Dos Santos et a [53].
This underscores the importance of integrating sensor-based
analytics to refine mobility assessments and optimize
rehabilitation strategies, ultimately improving clinical
decision-making and patient care.
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Although the LDA conducted in this study demonstrated good
discriminant ability among groups (mean overall accuracy 0.68,
SD 0.14), more advanced predictive models, such as machine
learning algorithms, could perform even better. Machine
learning approaches have aready been applied to iTUG
assessments in various populations and for different purposes,
including evaluating levodopa responsiveness in individuals
with Parkinson disease [54] and predicting falls across different
pathologies [1]. In this perspective, the present study proposes
a reliability-driven and interpretable framework for variable
selection and dimensionality reduction, which may provide a
preliminary layer of feature selection for the development of
predictive models not only in orthopedic rehabilitation but also
in other populations characterized by mobility impairments,
such asneurological disorders. Whilethe discriminative patterns
identified here are specific to postsurgical orthopedic patients,
thelatent mobility domains derived fromthei TUG (eg, walking
ability, turning, sit-to-walk smoothness, and mediolateral
stability) consist of fundamental components of functional
mohility, which are also affected in other conditions, including
neurological disorders.

This study has several clinical implications. First, the use of
multidimensional, sensor-derived metrics, particularly those
related to walking dynamics, offers a standardized and
operator-independent approach to assessing mobility in
orthopedic patients. This supports consistent tracking of
rehabilitation progress across settings. Second, the factor
structure identified through EFA provides clinicians with
interpretable domains (eg, sit-to-walk smoothness and
mediolateral angular stability) with strong discriminative
performance (AUC>0.8) that can inform targeted therapy
planning beyond total time. Third, theiTUG model’s ability to
discriminate between patients with similar test durations
suggeststhat it can uncover latent performance differences that
might otherwise remain undetected, especidly in
high-functioning individuals.

Selected variables showed stable and reproducible measurements
in the present dataset. This suggests their potential suitability
not only for cross-sectional group differentiation but also for
longitudinal monitoring, where consistency of measurement is
required to detect true change beyond measurement noise. From
aclinical perspective, this capability is particularly relevant for
stratifying and monitoring patients within the same orthopedic
condition, such as those undergoing THA or TKA. The
assessment and selection of sensor-based features represent an
initial step toward the development of an evaluation model
aimed at quantifying motor impairments that may distinguish
the categories and reflect rehabilitation targets. The underlying
objective isto capture functional dimensionsthat could inform
treatment decisions; accordingly, these variables may serve as
candidate outcome measuresto track patient progress, evaluate
treatment effectiveness, and support early adjustment of
rehabilitation strategies. They may aso contribute to finer
personalization within each category by highlighting individual
functional profiles.

Finally, once areliable and clinically meaningful feature set is

identified, the same variables could provide abasisfor additional
predictive models, such as fal-risk estimation or forecasting

JMIR Rehabil Assist Technol 2026 | vol. 13| 82632 | p.113
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

functional decline. However, these findings should be considered
exploratory. Validation in larger and more diverse cohorts will
be necessary to assessthe robustness, generalizability, and actual
performance of both the assessment and predictive models and
to determine their potential clinical use. Future work will
therefore focus on increasing the sample size and conducting
within-diagnosisanalysesto identify distinct functional recovery
profiles, enabling the distinction between patients who are
recovering as expected and those showing subtle but clinically
meaningful deviations from typical recovery tragjectories. Such
early identification may support timely, personalized
rehabilitation adjustments before functional decline or plateau
becomes evident using conventional time-based measures.

Moreover, the feasibility of asingle-sensor setup reinforcesthe
iTUG's potential for remote monitoring and continuity of care
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postdischarge. Reliable domains such as walking ability and
pace or rhythm may represent valuable longitudinal indicators
of recovery and could be integrated into digital tools for
monitoring rehabilitation outcomes.

In conclusion, this study confirms the reliability of selected
iTUG variables in orthopedic patients and reinforces their
clinical value for a multidimensional assessment of motor
performance. Factor analysis identified 5 meaningful
components capable of distinguishing between common
orthopedic conditions, addressing the limitations of relying
solely on total test duration. These findings support the
hypothesis that the development of predictive models and
clinical decision support tools based on sensor-based functional
tests, such as the iTUG, has the potential to improve clinical
decision-making and optimize rehabilitation interventions.
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Abstract

Background: The aging population has resulted in more people living longer with muscul oskeletal conditions who reguire hip
and knee replacement surgery. Lengthening waiting lists continue to be a challenge for patients and health care services.

Objective: This pragmatic study aimed to develop and test adigital self-management intervention (the HOPE [Help Overcome
Problems Effectively] program) to better prepare patients waiting for hip and knee replacement surgery.

Methods: The study used a pragmatic, pre-post with follow-up, single-arm design. All intervention and data collection components
were delivered online. Patients were recruited from those on the waiting list for hip or knee surgery. Following iterative
co-development of the intervention, the content was refined and optimized into afinal version for testing. The resulting program
was an 8-week intervention delivered via the HOPE 4 The Community (H4C) digita platform (powered by HAC). Data were
collected at baseline (pre-HOPE program), 8 weeks (post-HOPE program), and 6-month follow-up. Patient-reported outcome
measures related to preparation for surgery, quality of life, physical function, pain, mental well-being, self-efficacy, and physical
activity. Resource usage data were collected to calculate health and social care costs. System Usability Scale data were collected
post-HOPE program.

Results: One hundred participants enrolled in the HOPE program. Of these, 57 (57%) consented to take part in the evaluation
and returned the baseline questionnaire. Thirty-nine participants completed =5 of the 8 sessions and all surveys. Among the 25
participants who had surgery at 6 months, 23 (92%) felt better prepared due to the HOPE program. Median improvements in
most outcomes were observed at 8 weeks, with several continuing to improve at 6 months. The Friedman test showed significant
improvements over 6 months in self-efficacy (pain: P=.002; other symptoms: P<.01), pain (P=.04), health status (P=.02), and
mental well-being (P=.01). No significant changes were noted in physical activity. While the early cost analysis did not reach
gtatistical significance, it indicated potentia cost savingsfrom reduced patient interactionswith health care professionals. Sixty-four
percent (25/39) of participants had surgery, and this likely contributed in part to improvements in outcomes. System usability
was rated above average (mean score 70.1, SD 15.9).

Conclusions: The results are promising in relation to participants attending the HOPE program feeling better prepared for
surgery. A fully powered efficacy and cost-effectiveness trial is needed to determine the contribution of the HOPE program to
outcomes, over and above the contribution of surgery.

(JMIR Rehabil Assist Technol 2026;13:€68286) doi:10.2196/68286
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Introduction

In the United Kingdom, an estimated 20.3 million people are
affected by musculoskeletal conditions. These conditions
account for 21% of the years lived with illness and disability
[1]. The global prevalence of osteoarthritisisincreasing, and if
the trend continues, osteoarthritis will become one of the most
prevalent diseases in populations from high-income countries
in the coming decades [2]. The aging UK population is living
longer with complex musculoskeletal conditions and
comorbidities, causing increased demand on National Health
Service (NHS) health and social care services [1], accounting
for up to 30% of general practice consultationsin England [3].

Lengthening waiting lists are particularly problematic in
muscul oskel etal medicine. A 2019 report found that in England
alone, 726,000 people had severe hip osteoarthritis and 1.4
million people had severe knee osteoarthritis [4]. For those
whose condition is severe, joint replacement surgery isthe only
option to aleviate pain and improve mobility and the ability to
self-manage. Under the NHS constitution, 92% of patients
should be treated within 18 weeks as part of the
referral-to-treatment scheme. However, in 2019, nearly 4000
patients had been waiting for over 2 years for surgery [4], and
more than 690,000 were on waiting lists in 2021 [5]. The
COVID-19 pandemic had an unprecedented impact on secondary
care orthopedic services, with a significant increase in waiting
times for the majority of patients[5]. While on the waiting list,
patients are likely to experience worsening pain, reduced
mohility, increased anxiety, and deteriorating health, leading
to greater demand for health and care services. In recognition
of wait times, Versus Arthritis[5] and Arthritis Action [6] offer
resources for self-management on their websites. By 2060, it
isprojected that the demand for hip and kneejoint replacements
in the United Kingdom will rise by nearly 40% from current
levels, which will have significant implications for the health
care system [7].

New ways of working are needed to optimize support for
patients, maximize capacity, and mitigate risk. It is aso
important to address inequities: the COVID-19 pandemic
foregrounded deep-rooted equality, diversity, and inclusion
issuesin relation to morbidity and mortality that are entangled
with access to health care services. Inequities in treatment
waiting time [8] for muscul oskeletal services and in treatment
outcomes[9] reflect this general picture and highlight the need
for action. There is a need for holistic support among those
waiting for hip and knee surgery in England. The NHS
personalized careteam recommendsthat patients on thewaiting
list should receive self-management support to “wait well” by
undertaking prehabilitation. This support should empower
patients through information, health coaching, and digital
resources [10].

Prehabilitation is an effective way of improving perioperative
outcomes through support to increase physical and mental
resilience for surgery. Systematic reviews and meta-analyses
have found some, generally low-quality evidence that
prehabilitation improves arange of postoperative outcomesfor
patients undergoing hip and knee surgery, including function,
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pain, strength, and quality of life [11-13]. A more recent
systematic review and meta-analysis specifically focused on
the effects of digital prehabilitation in arange of muscul oskeletal
conditions awaiting surgery, including knee and hip
replacements [14]. They found evidence that advanced
technologies supported greater improvements in function pre-
and post-operatively than standard care for knee and hip
replacements. Greater improvements were also seen in
preoperative pain, preoperativerisk of falling, and postoperative
stiffness. There was no evidence for spinal surgery or other
conditions. However, few orthopedic prehabilitation
interventions are digitally delivered, nor do they provide peer
or emotional support, which is highly valued by many patients
living with long-term conditions[11-13]. Indeed, arecent survey
conducted in the United Kingdom [15] found that, although the
vast mgjority of hospitals (97%) offered preoperative education,
only 59% and 48% offered prehabilitation for knee and hip
arthroplasty, respectively. Education was mainly delivered as
asingletak supported by abooklet, and prehabilitation mainly
as strengthening exercise, advice, and written information.
Reported barriersincluded lack of facilities, funding, and staff.
There was aso a reported lack of robust evidence to support
practice [15]. Across various surgical specialties, multimodal
prehabilitation includes nutrition and psychological support
alongside exercise training. There is some evidence of
psychological factorsimproving postsurgical outcomes[13]. A
systematic review and meta-analysisfound low-quality evidence
that psychological interventions have a positive effect on
postsurgical anxiety and on mental components of quality of
life [16].

In areview [17] of over 30 prehabilitation surgery schools in
the United Kingdom and Ireland (these schoolsinform patients
about what to expect and guide them on how to prepare
physically and mentally to reduce postoperative risks of
surgery), only 40% contained content to manage emotional
well-being, and only 13% used digital apps. Further, many
interventions were not underpinned by behavior change theory
and techniques.

In 2022, Coventry University and its university spin-out social
enterprise, H4C (HOPE [Hel p Overcome Problems Effectively]
for The Community) interest company, developed a
proof-of-concept digital intervention, called the Help Overcome
Problems Effectively (HOPE) program, to help patients prepare
for hip and knee surgery. The HOPE program for hip and knee
patients shares the same underlying theoretical framework as
other HOPE programsfor long-term conditions offered by H4C,
which have been taxonomized using the taxonomy of
self-management support [18] and are described in detail in
published papers [19-21]. All 14 digital versions of the HOPE
program have been approved by the Quality Institute for
Self-Management Education and Training for the provision of
self-management structured education (QI S2020 and QI S2023
[22]) and certified by the Organisation for the Review of Care
and Health Apps (ORCHA [23]), scoring 88% for Android and
iOS (Apple Inc), and 86% for WebA pp, indicating compliance
with best practice in data security, professional assurance,
usability, and accessibility.
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The HOPE program for hip and knee patients combines
evidence-based self-management content with a validated
exercise program, incorporating a home exercise component
tailored to individual needs and abilities, drawing from the work
of Ageberg et al [24].

In 2023 HAC was awarded funding through the UK Research
and Innovation Healthy Ageing Challenge Scaling Social
Ventures competition to co-design and evaluate the HOPE
program for hip and knee surgery patients. The funding
competition wasto support social enterprisesin scaling products
and services to support healthy aging and deliver social value.

The pragmatic, multimethod study aimed to optimize and
evaluate the HOPE program to determine whether patientswere
better prepared for surgery. The study objectives included
optimizing the HOPE program through co-design with
stakeholders, implementing and testing the program with
patients waiting for a joint replacement, and assessing their
preparedness for surgery.

Methods

Study Design

This study used a co-design phase followed by a pragmatic,
pre-post, with follow-up, single-arm intervention study. All
intervention components and data collection were delivered
online. This study is reported according to the CONSORT
(Consolidated Standards of Reporting Trials) 2016 statement:
extension for nonrandomized pilot trids [25]. CHERRIES
(Checklist for Reporting Results of Internet E-Surveys) was
used to guide the survey report [26]. All intervention and data
collection activities took place online. All study data were
collected online via questionnaires administered through
Qualtrics Survey Software (Qualtrics).

Co-Design Phase to Optimize the HOPE Program

Ten participants took part in the development activities, which
included 3 online workshops. One workshop was undertaken
with 6 patient participants waiting for a hip (n=3) or knee
replacement surgery (n=3), who had completed an earlier
proof-of-concept HOPE program (5 female participants, aged
60 - 80 years). The purpose of the workshop was to explore
their experiences and generate feedback on the HOPE program.

Two health professional workshopsinvolving 4 NHS staff from
our partner organizationswere held to discussreferral pathways
and useful resources for patients awaiting surgery. The roles of
the professionals were Elective Recovery Lead, Team Lead
Physiotherapist in Elective Orthopedics, Project Manager of a
Musculoskeletal Clinical Program, and Senior Primary and
Community Care Lead. Workshops and interviews were
conducted online via Zoom (Zoom Video Communications,
Inc) and M S Teams (Microsoft Corp) to allow for geographically
dispersed participation.

Development of the Exercise Program

The exercise program central to the intervention was based on
the The Neuromuscular Exercise training program for patients
with knee or hip osteoarthritis assigned for total joint
replacement the neuromuscular exercise training program for
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patients with knee or hip osteoarthritis assigned for total joint
replacement program [24,27], which was specifically devel oped
for older patients with severe knee and hip osteoarthritis before
having total joint replacement surgery. Only the exercisesfrom
the neuromuscular exercise training program for patients with
knee or hip osteoarthritis assigned for total joint replacement
program were adopted within the HOPE program. Those
exercises have also been incorporated into the Good Life with
osteoArthritis: Denmark program [28-30]. The exercises have
been demonstrated to be safe, patients can successfully progress
them, and they contribute to improvements in a range of
outcomes, including symptoms, function, medication use, and
sick leave. A range of video and visual resources had previously
been developed to support the exercise components [31].
Following feedback from the co-design phase, new video
resources were developed to illustrate how the exercises could
be adapted within the home environment. Forty-three videos
were filmed in a home setting (living room, bedroom, and
kitchen), using home furniture (sofa, chair, and bed) and both
exercise equipment and everyday household items as exercise
props, with volunteers representing different ages and genders,
and incorporating visual prompts and voiceover instructions.
The exercises target major lower limb muscle groups and can
be adapted to individual capabilities, with 3 difficulty levels
and encouragement to alter repetitions and sets. Participants
could build their own home-based exercise program by
answering 6 questions about their ability (eg, if they can easily
get on and off the floor) and equipment (eg, if they have a step
they can use at home). An algorithm was then built to create
their personalized exercise program from the 43 videos.
Participants progressed up and down levels of difficulty at their
own pace, monitored progress, and set exercise reminders.
Participants could download their exerciserecord in PDF format
to keep or share with ahealth care professional. Tipson creating
a safe exercise space, as well as important information to
mitigate any worries or injuries, were part of the program.

The HOPE program: Intervention Content and
Structure

Theresulting program comprised 8 modules and was hosted on
H4C'sdigital platform, powered by H4C. The content comprised
text, images, videos, downloadable documents, interactive
activities (eg, quizzes, self-monitoring tools, and diaries), and
discussion forums and messaging facilities. The digital content
wasreleased at set times over the 8 weeks but could be accessed
at any time (asynchronous). Participants had the option to
“fast-track” the content if they were due to have surgery during
the 8 weeks.

Once accessed and viewed, the app content could be viewed
offline, reducing the need for adataplan or high-quality internet
connection. An analog print booklet was produced, containing
the same content as the digital version of the HOPE program,
for those who were digitally excluded and/or experienced low
digital literacy.
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Pre-Post With Follow-Up Study

Participants

Broad ligibility criteria were used to ensure the study was as
inclusive as possible and to provide ample opportunity for
participation. Individualswere digibleif they were adults aged
18 years or older, lived in the South West of England in the
United Kingdom, were currently on a waiting list for hip or
knee replacement surgery, had access to the internet and a
suitable device to engage with the intervention, and were able
tointeract with all materials provided as part of theintervention.

Patientsinterested in attending the HOPE program were referred
to the study sign-up webpage through several routes. NHS South
West referral sources included secondary care, primary care,
and muscul oskeletal clinics. Eligible participants werereferred
directly to H4C to enroll in the HOPE program and given the
option to take part in the research study. Patients who chose to
take part in the study were directed to the participant information
sheet and consent form in Qualtrics Survey Software. Patients
were informed that participation was voluntary and that their
decision would not affect their quality of care.

We collected the following sociodemographic information:
name, email address, gender, age, postcode, occupation and
employment, and some details about their emotional health and
their illness diagnosis, level of physical activity, health care
visits, time on the waiting list, and date of surgery. Postcode
data were used to calculate the English index of multiple
deprivation (IMD [32]). IMD is an official measure of
deprivation ranked from 1 (most deprived) to 10 (least deprived).

The questionnaire was administered through Qualtrics, using
responsive and mobile-ready question formats. Adaptive
guestioning was used to conditionally display questions based
on previous responses to reduce the number and complexity of
the questions. Most pages contained between 1 and 6 items.

Table. Session content of the HOPE® program.

Horton et al

Excluding the introduction, participant information sheet, and
consent form, the survey was distributed over 14 pages. The
responses were made mandatory to avoid missing data. The
survey was not set up to allow participants to change their
responses. The procedure, as outlined in the participant
information sheet and survey structure, involved collecting
identifiableinformation at registration—specifically, name and
email address (rather than via technical means such as cookies
or | P addresses)—which was then used by the research team to
ensure each individual only completed the survey once per time
point. PreeHOPE program (baseline) questionnaires were
completed during the period of July 6-13, 2023, for the first
HOPE program and July 20-31, 2023, for the second HOPE
program. Participants received a £60 (approximately US $80)
electronic gift voucher for completion of al pre- and
postprogram questionnaires. Participants were informed in the
Patient Information Sheet how their data would be processed
in accordance with the Data Protection Act 2018. Participation
in the study was optional for patients who accessed the HOPE
program.

The HOPE Program: Accessing and Completing the
Program

Following completion of the pre-HOPE program survey,
participants were given accessto the HOPE program (start dates:
July 13 or 27, 2023) through a personalized log-in link.

Throughout the program, participants were supported by 2
facilitators who were trained in line with Quality Institute for
Self-Management Education and Training standards. The
program content was organi zed into themed sessions acrossthe
8 weeks, with an integrated tailored exercise program (described
in the “Development of the Exercise Program” section above;
Table 1 lists session content; refer to Multimedia Appendix 1
for a brief description of each session and screenshots of the
intervention).

Session

Session content

o N o o B~ W N P

Instilling HOPE

Managing pain and fatigue
Stress and shifting your thinking
Communication

Sleep and mindfulness

Setbacks and hospita stay
Happiness and strengths
Moving on with HOPE

3HOPE: Help Overcome Problems Effectively.

Patient-Reported Outcome Measures

Surgery Preparation

At 6-month follow-up, participantswere asked if they felt better
prepared for surgery using the following question from the
Patient Preparedness for Surgery questionnaire [33]: “ Overall,
| feel or felt (if 1 had surgery) prepared for my upcoming

https://rehab.jmir.org/2026/1/e68286

surgery.” Therewere 6 response options: strongly agree, agree,
somewhat agree, somewhat disagree, disagree, and strongly
disagree. Participants were also asked to provide reasons for
their answers. Those who had surgery indicated whether they
felt the HOPE program helped them prepare before surgery,
after surgery, or both. Participants provided textual responses
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to explain why they agreed or disagreed that the HOPE program
helped them prepare for surgery.

The following validated patient-reported outcome measures
(PROMSs) were collected at baseline, post-HOPE program (8
weeks), and 6-month follow-up via Qualtrics.

Short Warwick-Edinburgh Mental Well-Being Scale

The Short Warwick-Edinburgh Mental Well-Being Scale
(SWEMWRBS [34]) is a short version that assesses mental
well-being within the adult population. The SWEMWBS uses
7 items from the full WEMWABS [35], which relate more to
mental functioning than feelings. The 7 statements are positively
worded, with 5 response categories ranging from “none of the
time” to “all of thetime.” Total scoresrange from 7 to 35, with
higher scoresindicating higher mental well-being. A change of
one point or more on the SWEMWABS total score represents a
minimally important level of change.

The EQ-5D Index and EQ-Visual Analogue Scale

The EQ-5D index [36] and the EQ-Visua Analogue Scale
(EQ-VAS) are widely used measures of health status and
health-related quality of life, respectively. The EQ-5D index
assesses patients' health state across 5 dimensions (self-care,
mohility, anxiety and depression, usual activities, and pain and
discomfort) that are weighted to provide a utility value based
on a population tariff. Scores range from O (death) to 100
(perfect health). The EQ-VAS is a vertical rating scale for
health, scored between 0 (worst imaginable health) and 100
(best imaginable health).

Western Ontarioand McM aster UniversitiesArthritisIndex

The Western Ontario and McMaster Universities Arthritis Index
(WOMAC [37]) consists of 24 items divided into 3 subscales:
Pain (5 items), Stiffness (2 items), and Physical Function (17
items). Items are scored on ascale of 0 - 4, which corresponds
to: None (0), Mild (1), Moderate (2), Severe (3), and Extreme
(4). The scores for each subscale are summed, with possible
score ranges of 0 - 20 for Pain, O - 8 for Stiffness, and O - 68
for Physical Function. A sum of the scores for all 3 subscales
gives a total WOMAC score (maximum 96). Higher scores
indicate worse pain, stiffness, and functional limitations.

Arthritis Self-Efficacy Scale

The Arthritis Self-Efficacy Scale (ASES [38]) measures a
person’s confidence to self-manage their arthritis symptoms
and consists of 2 subscales: Pain (5 items) and Other Symptoms
(6 items). Items are scored from 1 (very uncertain) to 10 (very
certain). The scores for each subscale are summed, with a
possible score range of 10 - 50 for Pain and 10 - 60 for Other
Symptoms. Higher scores indicate higher self-efficacy.

International Physical Activity Questionnaire-Short Form

The International Physical Activity Questionnaire-Short Form
(IPAQ-SF [39]) assesses physical activity undertaken across a
comprehensive set of domains including: (1) leisure-time
physical activity, (2) domestic and gardening (yard) activities,
(3) work-related physical activity, and (4) transport-related
physical activity. The items are structured to provide separate
scores on walking, moderate-intensity, and vigorous-intensity
activity, aswell asacombined total scoreto describethe overall
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level of activity. Computation of the total score requires
summation of the duration (in minutes) and frequency (days)
of walking, moderate-intensity, and vigorous-intensity activity.
The IPAQ-SF scoring protocol assigns the following metabolic
equivalent of task (MET) values to walking, moderate, and
vigorous-intengity activity: 3.3 METS, 4.0 METs, and 8.0 METS,
respectively. Participants are considered to have met Centers
for Disease Control and Prevention and American College of
Sports Medicine physical activity recommendations if they
reported at least 150 minutes per week of walking, moderate,
or vigorous intensity physical activity.

Numerical Pain Rating Scale

The Numerical Rating Scale (NPRS)-11 [40] is an 11-point
scale for self-report of pain. It is the most commonly used
unidimensional pain scale. The respondent selects a whole
number (integers0 - 10) that best reflectstheintensity (or other
quality, if requested) of their pain. The anchors are 0=no pain
and 10=worst possible pain (there are various wordings of the
upper anchor).

HOPE Program Usability and User Engagement
Usability

The usahility of the system was assessed by the System Usahility
Scale (SUS [41]), which was embedded in the last session of
the HOPE program. It was optional for participantsto complete.
The SUS uses a 5-point Likert scale ranging from 1=strongly
disagree to 5=strongly agree across 10 items. Odd-numbered
questions (1, 3, 5, 7, and 9) generate a positive response.
Even-numbered questions (2, 4, 6, 8, and 10) generate anegative
response, which must be inverted. All the points added up
together could gain a maximum of 40, thus the multiplication

by 2.5 to make the scale out of 100. A total score of =68 is
considered above-average usability.

User Engagement

Theintervention platform collected user engagement data. For
this study, we report the number of sessions completed, the
number of participants who used the personalized exercise
program, and the most commonly bookmarked content or
activities.

Sample Size

This pragmatic study enrolled participants from an opportunity
sample (n=100) comprising eligible candidates. Potential
participants received an email containing a link to the study
website hosted by Qualtrics. Here, participants were required
to review the digital Participant Information Sheet, provide
digital consent, and complete the digital questionnaires.

Analytical Methods

Datarelating to sociodemographic characteristics and outcome
measures were collated and presented descriptively at the group
level. Outcome data were mostly ordinal and nonnormally
distributed, so descriptive datawere limited to frequencies (and
proportions) and medians (and 1QRs). While the study was not
powered to detect statistically significant changes in outcomes
between time points, nonparametric Friedman and post hoc
Wilcoxon signed-rank tests were used to explore changes over
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time between baseline, post-HOPE program (8 weeks), and
6-month follow-up. All analyses were performed using IBM
SPSS (version 28). The level of statistical significance was set
at P<.05. Textual responses to the question about surgery
preparedness at the 6-month follow-up survey were summarized
to illustrate the quantitative findings.

Given this was a feasibility study with complete-case analysis
as the prespecified approach, we focused on participants who
engaged with =5 sessions and completed follow-ups. This
decision was made because (1) the primary aim was assessing
intervention feasibility and acceptability under optimal
conditions, (2) minimal datawere available from noncompl eters
(only 4/15 provided follow-ups), and (3) high follow-up rates
among completers (98% at 8 weeks and 93% at 6 months)
reduced concerns about attrition bias. Future efficacy trialswill
use intention-to-treat (ITT) analysis.

Resource Usage

An early cost-impact analysis evaluated the change in costs
associated with patients' appointments and visits with NHS
England to understand the potential cost impact of the program
and assess whether it could be expanded into a broader study.
These data were captured via the Qualtrics survey at baseline,
post-HOPE program (8 weeks), and 6-month follow-up.

The economic analysis focused on changes in the number of
interactions patients had with NHS health and social care staff,
measured by appointments and visits. A decision model was
developed using parameters from a before-and-after analysis,
literature review, and incorporating assumptions. The mean
values, associated SEs, and assumptions populated the model,
detailed in Multimedia Appendix 2. The total cost impact was
calculated from the NHS personal and social care perspective,
both per patient and per patient per week.

Costs associated with interaction changes were evaluated at 8
weeks and 6 months compared to baseline using unit costsfrom
the Unit Costs of Health and Social Care report by the Personal
Social Services Research Unit at the University of Kent [42]
and the NHS National Tariff [43]. A probabilistic sensitivity
analysis explored uncertainty around the results.

Ethical Considerations

The user requirements research undertaken by Coventry
University received ethical approval from the Coventry
University Research Ethics Committee (P151751). Theresearch
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and evaluation activity hasal so received approval from Coventry
University (P106036) and, as an amendment to a preexisting
HOPE evaluation, from the Health Research Authority and
Health and Care Research Wales (Integrated Research
Applications System, project ID 283172).

Results

Co-Design Phase Adaptations

Adaptations to the intervention, as an outcome of patient and
health professionals feedback, were as follows: Adaptations
suggested by patients were (1) guidance on how to adjust the
exercisesto meet individua needsand capabilities; (2) abroader
range of additional activities to try, for example, pool-based
exercises, (3) reassurance for people who may struggle to keep
up with the program; (4) information to chalenge
misinformation, controversies, and conflicting advice; and (5)
clearer guidance on how to access some features, for example,
messaging functions.

Adaptations suggested by health professionals were (1)
reminders and nudges to make healthy changes and prevent
deconditioning, (2) long-term access to information for use
postoperatively, (3) adjustment of exercisesto cater to different
abilities and comorbidities, (4) program certification to
demonstrate credibility, and (5) reference to the expert input
that informed the program content.

Participants

One hundred participants enrolled in the 2 HOPE programs
(HOPE 1. n=59 and HOPE 2: n=41). Of these, 57 (57%)
consented to take part in the eval uation and returned the baseline
guestionnaire (n=39, HOPE program 1 and n=18, HOPE
program 2). Forty-one participants returned follow-up
guestionnaires at 8 weeks (41/57, 71.9%), and 39 participants
returned questionnaires at 6-month follow-up (39/57, 68.4%).
Forty-two participants (42/57, 73.7%) accessed =5 of the 8
sessions and were considered program completers.

Almost al of the HOPE program completers (41/42, 98%)
returned follow-up questionnaires at 8 weeks, and 39 (93%)
returned questionnaires at 6-month follow-up (Figure 1). HOPE
program completers who returned both questionnaires (39/42,
93%) were included in the primary analysis. There was no
missing outcome data, as these fields were required during
guestionnaire completion.
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Figure 1. Flow of participants through the study. HOPE: Help Overcome Problems Effectively.
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Participant characteristics are presented in Table 2 and are
similar in the total sample (n=57) and completers (n=39). All
completer participants (n=39) identified as White-English,
Welsh, Scottish, Northern Irish, or British ethnicity and
described English as their first language (all 39/39, 100%).
One-third of participantswere male (13/39, 33%) and two-thirds
were female (26/39, 67%). Age was only reported by 21 (54%)
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participants, with amedian age of 66.0 (IQR 63.0-69.5) years.
The magjority of participants were retired (23/39, 59%). A third
of participants (13/39, 33%) were listed for hip replacement
surgery, and two-thirds (26/39, 67%) for knee replacement
surgery. Themedian IMD was 7.00 (IQR 2.5-13) and the median
timeon thewaiting list for surgery was 6.00 (IQR 2-12) months.
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Table. Participant baseline characteristics of completers (n=39) and total sample (N=57).

Characteristic Completers Total sample (N=57)
(n=39)
Gender, n (%)
Male 13(33) 20(35)
Female 26 (67) 36 (63)
Not specified 0(0) 1(2
Age (years), median (IQR) 66 (63-69.5) 66 (63-69.5)
Ethnicity, n (%)
White-English, Welsh, Scottish, Northern 39 (100) 56 (98)
Irish, or British
Black, African, or Caribbean 0(0) 1(2
Disability, n (%)
Mental health condition (long-term) 5(13) 7(12)
Blind or partialy sighted 1(3) 1(2
Hard of hearing or deaf 0(0) 1(2
Long-term illness or health condition (lasting 4 (10) 7(12)
more than 12 months or terminal)
Mobility impairment 24 (62) 32 (56)
Employment, n (%)
In paid work: full-time 4(10) 8(14)
In paid work: part-time 4(10) 8(14)
Retired 23(59) 31(54)
Not in paid work 8(21) 10 (18)
Not in paid work dueto hip or knee condition? 8 (21) 10 (18)
Index of multiple deprivation, median (IQR) 7 (2.25) 7(2)
Joint replacement, n (%)
Hip 13(33) 22 (39)
Knee 26 (67) 35(61)
Waiting time (months), median (IQR) 6(2-12) 7 (2.5-13)

Twenty-four out of 39 (62%) participants considered themselves
to have a disability, with 9 (23%) participants reporting that
day-to-day activities were “limited a little,” and 15 (39%)
reporting that activities were “limited a lot.” Seven (18%)
participants reported more than one specific type of disability
(refer to Table 2).

User Engagement

Just over half of all participants completed all 8 sessions (30/57,
53%), with 6 participants completing 7 sessions (6/57, 11%),
1 completing 6 sessions (1/57, 2%), and afurther 5 participants
completing 5 sessions (5/57, 9%). Forty-nine out of 57 (86%)
participants used the personalized exercise program. Thetop 5
bookmarked content or activities were (1) exercise program,
(2) relaxed breathing, (3) mindfulness meditation, (4)
compassionate approach to pain, and (5) cognitive diffusion
activity.

https://rehab.jmir.org/2026/1/e68286

Patient-Reported Outcomes and Estimations

By the time of the 6-month follow-up, 25 out of 39 (64%)
participants had already received their surgery. Of those who
had their surgery, the majority (23/25; 92%) agreed with the
statement: “ Asaresult of attending the HOPE program, overall,
| felt better prepared for my surgery.” Eight out of 23 (35%)
participants selected “strongly agree’ 10 (44%) selected
“agree] and 5 (22%) selected “somewhat agree”’ Of the 23
participantswho agreed that they were better prepared, 16 (70%)
felt better prepared in the presurgery period, 3 (13%) felt better
prepared postsurgery, and 5 (17%) felt better prepared pre- and
postsurgery.

Of thosewho had not yet had surgery, the majority (13/14, 93%)
agreed with the statement: “ As aresult of attending the HOPE
program, overal, | feel better prepared for my surgery.” Of
these, 1 participant (1/14, 7%) selected “strongly agree,” 7
(n=7/14, 50%) selected “agree,” and 5 (5/23, 30%) selected
“somewhat agree.”
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All 39 participants who completed the 6-month follow-up
guestionnaire provided reasons why they agreed or disagreed
that the HOPE program helped them prepare for surgery. The
findings are presented under 4 headings: personalized exercise,
physical and mental preparation, peer support, and nothing new.
Participant ID numbers 1 - 14 are those that were still waiting
for surgery at 6-month follow-up, and Ds 15-39 are partici pants
who had undergone surgery. No harms or unintended
consequences were reported during the study.

Personalized Exercise

The program offered exercises that helped patients improve

their physical condition and overall preparedness for surgery.
Better exercised and with better muscle definition.
[ID19]

It gave me some exercises to prepare for surgery.
[ID29]

It encouraged meto do the preparation exercisesand
helped lift my mood when needed. [1D20]
Physical and Mental Preparation

Patients found the program beneficial for preparing both
physically and mentally for surgery. It provided information
and insight about what to expect before and after surgery,
hel ping to manage pain, reduce anxiety, increase hope, and plan
for the future.

The program gave me an insight into what to expect
during and after the procedure. [ID18]

| found the information useful and the relaxation
techniques particularly helpful. [ID38]

Theinformation given was clear about the future after
the operation. [ID7]

| feel | manage pain better even if it becomes more
painful. [1D8]

| knew so much about what to expect, and | learned
techniques to calm any anxiety. [1D33]

Peer Support

Connecting with others who have arthritis and are waiting for
surgery made patients fedl less isolated. The program offered
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a platform for discussing shared challenges, such as surgery
delays and recovery expectations, fostering a sense of
community among participants. Participants valued the
emotional support they received through the program. Sharing
experiences with otherswho were undergoing similar surgeries
provided comfort, whileinsightsinto the surgical process helped
ease fears.

Hearing what other arthritis sufferers are going
through made you feel that you are not alone in
dealing with the pain. [ID1]

The HOPE program gave me the opportunity to share
my thoughts/fears with others who had either had
their joint surgery or were waiting to undergo it.

[1D17]
Nothing New

A few participants found that the program covered what they
already knew or that they already had a positive mindset.

I haven't found out anything new. [ID9]

| already had a very positive view of how to deal with

the issues arising from my arthritis. [ID10]
Usability
Only 16 participants completed the optional SUS. Participants
reported a mean SUS score of 70.1 (SD 15.9; range 50 - 95).
The 10-item frequency response dataare provided in Multimedia
Appendix 3. Compared with the 23 participants who did not
complete the SUS, the 16 SUS completers were younger
(median age of 64, IQR 8 vs 67, IQR 6 years, sample size n=8
and n=13, respectively), included a higher proportion of males
(44% vs 26%), and more knee surgery patients (75% vs 60%)
with a mobility impairment (69% vs 50%). Other patient
characteristics were broadly similar. On average, the 16
completers had dightly lower disease severity: total WOMAC
median 49 (IQR 23) versus 53 (IQR 17).

Table 3 summarizes the patient-reported outcomes at baseline,
8 weeks (post-HOPE program), and 6-month follow-up. Median
values suggested potential improvements in many outcome
measures at the end of the HOPE program (8 weeks). There
were sustained improvements in median values for severa
outcomes at 6 months.
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Table. Summary of baseline, post—Help Overcome Problems Effectively (HOPE) program (8 weeks), and 6-month follow-up outcomes (n=39).

Outcome variable Baseline, median 8weeks, median (IQR) P value, Wilcoxontest 6 months, median P value,
(IQR) (basdline to 8 week) (IQR) Friedman test

Arthritis Self-Efficacy Scale (ASES)

Confidence to manage 3.8 (2.0-5.6) 4.6 (3.6-5.4) .07 5.6 (3.8-8.2) 0022

pain (1 - 10, 1 =better)

Confidenceto manage 4.5 (2.5-5.5) 5.0 (4.2-6.5) 0012 6.5 (4.2-8.3) <.0012

other symptoms (1 -

10, t =better)

Western Ontario and McMaster Osteoarthritis Index (WOMAC)

Pain (0 - 20, t=worse) 10.0 (8.0-12.0) 10.0(7.0-13.0) 19 8.0 (5.0-12.0) 04

Stiffness (0 - 8, 4.0 (4.0-5.0) 4.0 (4.0-5.0) 92 4.0(2.0-5.0) a1

1 =WOrse)

Physical functioning  35.0 (26.0-41.0) 34.0 (24.0-42.0) 44 29.0 (10.0-42.0) .07

(0 - 68, 1 =worse)

Total (0 - 96, 49.0 (40.0-58.0) 48.0 (33.0-59.0) .38 39.0 (19.0-60.0) .09

1 =WOrse)

Numerical Pain Rating Scale (NPRS)

Pain (0 - 10, t=worse) 6.0 (5.0-7.0) 5.0 (4.0-7.0) 19 5.0 (2.0-6.0) 0022

EQ-5D

Quality of Life(EQ-  58.0 (35.0-80.0) 60.0 (35.0-80.0) 37 70.0 (45.0-85.0) .05

VAS’; 0 - 100, 1 =bet-

ter)

Headlth status (EQ-In-  0.62 (0.30-0.74) 0.60 (0.23-0.78) 54 0.75 (0.30-0.83) 022

dex; 0 - 1, 1 =better)

Short Warwick-Edinburgh Mental Well-Being Scale (SWEMWBS)

Mental well-being 25.0(21.0-28.0) 25.0 (22.0-28.0) .86 27.0 (23.0-29.0) 012

(SWEMWBS; 5 - 35,

1 =better)

International Physical Activity Questionnaire-Short Form (IPAQ-SF)

Total (MET-min/wk, 2340 (393-7464) 2628 (480-6152) .98 2079 (306-5988) .55

1 =better)

Sitting time (min/d, 360 (285-480) 360 (181-540) 41 300 (240-480) 15

1 =WOrse)

Inactive (<600 12 (30.8) 10 (25.6) _d 12 (30.8) _d

METP-min/wk), n (%)

83tatistically significant P<05. Datais for participants who participated in =5 sessions and completed both follow-up questionnaires (n=39).

BMET: metabolic equivalent.
®EQ-VAS: EQ-Visua Analogue Scale.
dNot applicable.

The Friedman test indicated several potential improvements
across the 6 months. Median scores for ASES pain were 3.8
(IQR 2.0-5.6), 4.6 (IQR 3.6-5.4), and 5.6 (IQR 3.8-8.2) at
baseline, 8 weeks, and 6-month follow-up, respectively
(P=.002); ASES other symptoms: 4.5 (IQR 2.5-5.5), 5.0 (IQR
4.2-6.5), and 6.5 (IQR 4.2-8.3; P<.001); WOMAC pain: 10.0
(IQR 8.0-12.0), 10.0 (IQR 7.0-13.0), and 8.0 (IQR 5.0-12.0;
P=.04); NRPS: 6.0 (IQR 5.0-7.0), 5.0 (IQR 4.0-7.0), and 5.0
(IQR 2.0-6.0; P=.002); EQ-index: 0.62 (IQR 0.3-0.74), 0.60
(IQR 0.23-0.78), and 0.75 (IQR 0.30-0.83; P=.02); and
SWEMWABS: 25.0 (IQR 21.0-28.0), 25 (IQR 22.0-28.0), and
27.0(IQR 23.0-29.0; P=.01). Separate Wilcoxontestsat 8 weeks
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(immediately following the end of the HOPE program) found
that only ASES other symptoms was statistically significant
(P=.001; refer to Table 3).

Ancillary Analyses

Assessment of Bias. Program Completers Versus
Program Noncompleters at Baseline

A total of 15 participants were categorized as noncompleters
of the Hope program (ie, completing <5 of 8 sessions). Only 4
(27%) of these participants returned both follow-up
guestionnaires, which wasinsufficient for meaningful analysis.
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Therefore, bias assessment was conducted using baseline data
only. Potential differences at baseline between noncompleters
(<5 sessions; n=15) and completers (=5 sessions; n=42) were
explored using descriptive statistics. There were no obvious
differences between noncompleters and completers in age
(median 65.50, IQR 64-72.75 vs median 66.00, IQR 63.0-69.0
years, respectively) or IMD (median 7.00, IQR 5.0-8.0 vs
median 7.00, IQR 6.0-8.25). There were dlight differences
between noncompleters and completers in gender (male: 50%
vs 31%), ethnicity (White: 93% vs 100%), disability (yes: 53%
VS 62%), employment (in paid work—full time and part time:
54% vs 20%), joint replacement (knee: 47% vs 67%), and
waitingtime (7.00, IQR 4.0-16.0 vs 6.00, IQR 2.0-13.0 months).
On average, noncompleters had dlightly greater disease severity.
For example, noncompl eters reported more pain (NPRS: median
7.00, IQR 6.0-8.0 vs median 6.00, IQR 5.0-7.0, respectively),
had a higher total WOMAC score (median 60.00, IQR 40.0-71.0
vs median 49.00, IQR 38.75-58.25), and alower EQ-5D index
value (median 0.45, IQR 0.18-0.73 and median 0.636, IQR
0.29-0.74).

Impact of Surgery on Outcomes

To understand the potential impact of surgery on outcomes, an
exploratory descriptive comparison between those who had and
had not received surgery at 6 months was made (data presented
in Multimedia Appendix 4). This comparison was only based

Table. Total cost impact per patient (Eper week).
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on the ASES data, since improvements in this outcome were
datistically significant at both 8 weeksand 6 months. Theresults
show that those who had received surgery at 6 months had larger
median improvements in self-efficacy (for both pain and other
symptoms). Those who had not had surgery showed marginal
improvements in self-efficacy for pain and for other symptoms
at 8 weeks. These were maintained at 6 months for pain
self-efficacy but not for other symptoms.

Health Care Resource Usage

The component of the study that focused on resource use for
thisearly cost-impact analysis had a sample size of 39 patients,
who completed the web-based questionnaire at al 3 time points:
baseline, after 8 weeks, and after 6 months. Of these, 25 patients
had their surgical intervention within the period covered (ie,
within 6 months) and were therefore excluded from the analysis,
leaving atotal samplesize of 14 analyzed. Resultsare provided
in Table 4 (tota cost-impact per patient) and Table 5
(cost-impact per patient per week). Cost-impact per patient per
week evaluation revealed overall cost savings over 8 weeks as
well as over 6 months, but this failed to reach statistical
significance. Face-to-face general practitioner interactions at
the 6-month interval showed a statistically significant change.
Further details of the economic analysis are provided in
Multimedia Appendix 2.

Cost category? (95% Cl)

Cost change from baseline to 8 weeks, mean

Cost change from baseline to 6 months, mean
(95% CI)

Face-to-face visit with a physiotherapist 12.85 (-3.80 t0 36.02)

Remote visit with GP —7.72 (-19.55 t0 0.36)

Face-to-face visit with GP 9.66 (—12.57 to 34.00)
—7.46 (—29.65 t0 10.52)

7.34 (46.49 t0 —27.61)

Face-to-face hospital visit

Total

—8.64 (~76.34 10 27.29)
0.22 (-3.38 t0 4.07)

14.09 (-5.39 to 36.29)
-8.91 (-38.35t0 10.84)
-3.25 (46.10 t0 -87.02)

8positive val ues correspond to cost savings.
bGp: genera practitioner.

Table. Cost impact per patient (£ per week).

Cost category? Cost change from baseline to 8 weeks, mean Cost change from baseline to 6 months, mean
(95% CI) (95% Cl)

Face-to-face visit with physiotherapist 1.61(-0.481t04.5) 0.69 (-3.34t03.94)

Remote visit with °GP —0.96 (-2.44t0 0.04) 0.20 (-0.1t0 0.63)

Face-to-face visit with GP 1.21 (-1.57t0 4.25) 2.45 (050 to 5.08)b

Face-to-face hospital visit -0.93(-3.71t0 1.31)

Total 0.92 (-3.45 10 5.81)

-0.03 (-1.85t0 1.82)
3.31(-1.93108.12)

positive values correspond to cost savings.
bstatistically significant (P<.05).
°GP: general pratitioner.

Sample Size Calculation for Future Trial

Data collected as part of the current evaluation were used to
inform likely sample sizes for future studies in this area. This
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sample size calculation was based on ASES8 data
Unfortunately, the minimum clinically important difference of
the ASES-8isunknown [44]. However, it issensitive to change,
with an effect size of 0.31 previously reported for the ASES-8
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following interdisciplinary group therapy for fibromyalgia[45].
Moderate effect sizes of this magnitude are common for
conservative interventions in musculoskeletal conditions. In
this pilot study, the mean and SD values for ASES pain and
ASES other symptoms at baselinewere 3.98 (SD 1.93) and 4.29
(SD 2.08), respectively. Assuming a 1-tailed hypothesis, an
effect size of 0.3, a=.05, 90% power, and a1:1 alocation ratio,
191 participants would be required in each group (N=382) to
detect a >0.58-point difference in ASES pain and >0.62-point
differencein ASES other symptoms.

Discussion

Principal Findings

This study evaluated the HOPE program, a digita
self-management intervention designed to support patients
awaiting hip and knee replacement surgery. Results from 39
completers suggested potential improvements in self-efficacy,
pain, health status, and mental well-being over 6 months. Most
participants felt better prepared for surgery, and the program
was rated above average for usability (mean SUS score 70.1).

Participant feedback revealed some key areas that underscore
the program’'s potential usefulness. Some participants
appreciated the targeted exercises that improved their physical
and mental readiness for surgery. The program provided
comprehensive information about the surgical process, helping
patients manage pain, reduce anxiety, and plan for the future.
Studies have shown that patients have difficulties remembering
information immediately after deciding to undergo surgery [46].
Having access to digital information, which can be regularly
and quickly updated with evidence-based information, isauseful
resource for patients. By fostering a sense of community, the
program helped some participants connect with others facing
similar challenges. However, some participants noted that the
program offered nothing new, asthey already enjoyed apositive
mindset or previous knowledge.

The demographic profile of completers (median age 66, IQR
63-69.5 years;, 100% White; and 66.7% female) was amost
identical to arecent UK study, which found that digital health
coaching delivered to patients waiting for lower limb
arthroplasty improved patient activation and reduced length of
hospital stay [47]. It should be noted that noncompleters of the
program were more likely to be male, in paid employment, and
awaiting a hip replacement.

Engagement with the HOPE program was high, with 73.7%
(42/57) of participants attending =5 of 8 sessions. Follow-up
and engagement rates were lower when based on the 100
participantswho enrolled: 39% (39/100) completed the 6-month
follow-up questionnaires, and 42% (42/100) who completed =5
sessions. Among those who completed al study procedures,
93% (39/42) engaged with the program.

A recent national digital attitudes and behavior survey conducted
in the United Kingdom by ORCHA in 2023 described the
willingness of older respondents to use digita apps for
self-monitoring, symptom tracking, and managing recovery
[48].
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At the 6-month follow-up, nearly two-thirds (25/39, 64%) of
participants had undergone surgery. More than 90% (23/25) of
these participants agreed that the program hel ped them prepare
better for surgery. Statistically significant median improvements
in most PROMs were evident at the end of the HOPE program,
and several scores continued to improve at 6-month follow-up,
including self-efficacy, pain, heath status, and mental
well-being. The exercise program was the most bookmarked
page, and despite the majority of participants (49/57, 86%)
starting the personalized exercise program, there were no
improvements in time spent sitting or in the proportion of
participants classified as inactive. The exercise program may
require greater input from facilitators to encourage optimum
engagement. Research showsthat exercise supervisioninvolving
trained physical therapistsimproves compliance with exercises,
especialy in older adults[13,49]. Alternatively, it may be that
the IPAQ-SF lacks sensitivity to adequately assess physical
activity [39]. More objective measures of physical activity, such
as accelerometry, could be considered in future research.

The high number of participants undergoing surgery makes it
challenging to attribute potential improvements in PROMSs to
either intervention. Intheir systematic review and meta-analysis,
Punnoose et a [13] showed that variability in surgical
procedures can influence postoperative recovery; therefore,
postsurgical improvements cannot be attributable solely to
prehabilitation. Owing to the often degenerative nature of
muscul oskel etal conditions, potentia improvementsin PROMs
in this study were not anticipated a priori. Rather, it was
hypothesized that attending the HOPE program would slow the
rate of decline through the acquisition of effective
self-management and coping strategies. Thus, the observed
trend for median improvements across the majority of PROMs
iS encouraging.

Resource Usage

This early cost analysis suggests that the HOPE program may
lead to areduction in patient interactionswith care professionals
at both 8 weeks and 6 months. However, the small sample size
resultsinwide Cls, which limitsthereliability of thesefindings
and affirms the need for further studies to assess the
cost-effectiveness of the program. Despite this limitation, the
initial results highlight the potential for the HOPE program to
offer cost-saving benefits at asocietal level.

Strengthsand Limitations

A dtrength of this real-world study was the inclusion of
participants with lived experience at all stages of the project,
providing input into the HOPE program intervention
development process and foll ow-up feedback to optimizeit for
further studies. The mgjority of participants started the exercise
program, which is a cornerstone of prehabilitation. Other
strengths include the use of validated PROMs, high levels of
engagement with the intervention, and good survey completion
rates at 6 months. This version of the HOPE program was
rapidly devel oped and deployed by adding new muscul oskel etal
content to an existing taxonomized evidence-based intervention.
Some of the health professionals involved in the co-design
workshops suggested that patients needing only conservative
management and not requiring surgery would also benefit from
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the program. Our co-creation and intervention devel opment
process could devel op and test a program for these patients and
for other groups of nonorthopedic presurgery patients. The
powered by HAC platform currently hosts more than 15 digital
self-management and health interventions. Using a single
platform to deliver multiple interventions and modules offers
several advantages for funders, researchers, hedth care
providers, and patients. Many patients live with comorbid
conditions requiring diverse information and self-management
techniques. Platform delivery can incorporate and streamline
self-management support. Torous and Vaidyam [50] asserted
that “instead of a plethora of apps, thereisaneed for afew that
meet the needs of many.” Drawing on successful examplesfrom
the automobile, space, and clean energy sector, Ansar and
Flyvbjerg [51] outline the benefits of platforms over one-off
designs, such as repeatability, extendibility, absorptive and
adaptive capacity, resulting in “faster, better, cheaper” services
and products. They concluded that sectors such as health “are
ripefor aplatform rethink.” Another strength of thisapplication
is the partnership between a social enterprise company and an
academic ingtitution. A recent Wellcome report [52]
recommended that companies, including nonprofits, can be
better at developing and scaling digital health solutions than
university research groups.

The limitations of the study include the small humber (16/39)
of participants who completed the SUS. It is possible that these
participants had a more positive user experience compared to
those who did not complete the scale. Among the 39 study
completers, most participants (>90%) agreed that the program
hel ped them prepare better for surgery, and thetextual responses
supporting this question provided limited feedback. A broader
set of feedback questions and/or postprogram qualitative
interviews or focus groups analyzed using rigorous and
transparent methods—with participants who did not complete
the program—could elicit more critical or negative experiences.

The self-selecting nature of recruitment may have resulted in
participants who were inherently more inclined to seek
assistance or engage in self-help efforts.

Without a control group comparator, it isnot possibleto directly
attribute any change in the PROMs to the HOPE program. It is
important to note that many improvements were not statistically
significant, and the statistical analyses performed were likely
to be underpowered. Furthermore, a recent systematic review
of hip arthroplasty prehabilitation interventions suggested that
measures such asthe WOMAC may not be the most appropriate
measure to detect differences and suggest alternative objective
measures such asthe chair risetest, gait speed, or stair climbing
[53]. That review also found that more than 8 weeks of
prehabilitation was associated with improved outcomes,
suggesting that future trials of the HOPE program should
consider extending the length of the intervention. While our
completer analysis provides valuable proof-of-concept data, it
limits generalizability to real-world implementation, where
attrition is typically higher. The baseline differences between
completers and noncompl eters suggest our effect estimates may
be optimistic. Future randomized controlled trials (RCTs) should
combine ITT and per-protocol analyses to distinguish efficacy
from effectiveness.
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Separating the effects of the intervention from the effects of
surgery is problematic. The ancillary analysis of the ASES data
(refer to Table 4) suggests that surgery was probably a major
contributor to improvements in self-efficacy at 6 months. This
is not surprising, given that the excellent outcomes of hip
replacement surgery have led to the procedure being described
by The Lancet as the “operation of the century” [54].
Approximately 96.2% and 90.8% of patients have previously
reported satisfaction with their hip and knee replacement
surgery, respectively [55].

A future definitive RCT should be appropriately powered to
directly compare an intervention group (ie, the HOPE program)
against an appropriate control group (ie, treatment as usual).
Subgroup analysis should compare PROMs in those who have
had, or are still awaiting, surgery at 6-month follow-up. Such
adesign would help to distinguish the effects of theintervention
from the effects of surgery.

The baseline data show that program noncompleters (ie, those
who completed <5 sessions) had dightly greater disease severity
at basdline than program completers. Owing to limited follow-up
data, it is not known whether these participants could not
complete the program due to factors relating to their
muscul oskeletal condition, their experience of the program, or
random intervening factors. Nonresponders were also more
likely to be mae, in paid employment, and awaiting a hip
replacement. Such findings raise questions about how to engage
peoplewith greater disease severity and these sociodemographic
characteristics in future support programs. Further research is
needed to understand individual needs and how they change as
disease and pain progress, and to determine how best to support
individuals through targeted interventions.

Inlinewith thewealth of other UK health careresearch studies,
the participant samplein this study lacked diversity in terms of
ethnicity and socioeconomic characteristics. The study sample
reflects the demographics of NHS waiting lists and can be
understood as amanifestation of structural inequalities. People
living in the most deprived areas of the United Kingdom are
more likely to require replacement surgery but less likely to
receive it [56] and less likely to have good outcomes [57,58]
compared with those living in the least deprived areas. This
recurring finding underscores the need for research into the
impact of structural barriers to self-management, which may,
in turn, suggest the need for more options or a new paradigm
approach. Health careinterventionsthat disproportionately meet
the needs of nonmarginalized groups embed injustice by
widening health inequity. The earlier statement that no harm
was reported during the study holdswhen “harm” isunderstood
within the parameters of evidence-based medicine and its
associated framework of biomedical ethics. However, when a
framing such as distributive justice is applied, the intervention
may be associated with unintended adverse consequences that
emerge from and perpetuate ideol ogies such as structural racism
and classism. Lack of attention to unintended harm linked to
thelack of diversity in self-management research highlightsthe
need for an expanded ethical framework informed by disability
justice scholarship [59]. Recommendations from arecent report
into muscul oskel etal health inequalitiesin the United Kingdom
included prioritizing surgery and self-management support for
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patients living in the most deprived areas [60]. More effort is
required to understand the needs of and actively recruit these
groups of participants in future self-management trials. A
national digital attitudes and behavior survey conducted in the
United Kingdom by ORCHA in 2021 [61] found that advocacy
for digital health apps was highest among people of Black
African heritage (89%), followed by Asian (80%), and then
White (64%) respondents. Studies from the United States
highlight the importance of recruiting low-income and ethnic
minority participants, showing that these groupsare morewilling
to attend [62] and engage more [63] with health interventions
compared with White participants in higher-income groups.
However, datafrom this study show that deprivation levelswere
similar between HOPE program completers and noncompl eters.

Conclusion

The results are promising in relation to the acceptability of a
peer-supported self-management program for people awaiting
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Abstract

Background: The Mini-Mental State Examination (MM SE) remains widely used for cognitive screening, yet its performance
varies substantially across educational backgrounds. Linear education correctionsfail to capture the nonlinear interference patterns
among subitems.

Objective:  This study aimed to analyze how educational level shapes MMSE subitem contributions and to develop an
education-adaptive optimization strategy using support vector machine—based weighting.

Methods: MMSE datafrom 812 participants were stratified into 4 education groups. Subitem deletion experiments quantified
each subitem'’s contribution (A). Education-specific support vector machine models were then constructed to derive dynamic
weighting coefficients. Performance improvements were assessed before and after weighting.

Results: Theilliterate group relied heavily on spatial orientation and memory, whereas university-educated individual s depended
more on executive and calculation functions. Several education-dependent interference items were identified (eg, visuospatial
construction in the primary group and basic orientation tasks in the university group). Dynamic weighting improved accuracy in
all cohorts, most notably among illiterate individuals (A=7.25%; P=.06), followed by the primary school group (A=3.12%;
P=.03).

Conclusions:  Education-stratified weighting enhances the fairness and interpretability of MM SE-based screening. External
validation confirmed generalizability, although multicenter studies are needed.

(JMIR Rehabil Assist Technol 2026;13:€79841) doi:10.2196/79841

KEYWORDS

machinelearning; Mini-Mental State Examination; MM SE; support vector machine; SVM; dynamic weighted model; educational
background

be completed within 10 to 15 minutes [3]. Its broad adoption

Introduction

TheMini-Mental State Examination (MM SE) isone of the most
widely used cognitive screening toolsin clinical and community
settings, designed for the rapid detection of cognitiveimpairment
[1]. Since its development by Folstein et a in 1975 [2], the
MMSE has become a core instrument for assessing five
cognitive domains—orientation, immediate recall, attention or
calculation, language, and visuospatia ability—and can typicaly

https://rehab.jmir.org/2026/1/€79841

reflects its operational simplicity and solid psychometric
performance, with reported sensitivity of 80% to 85% and
specificity of 75% to 80% for dementia screening [4].

Alzheimer disease is characterized by progressive
neurodegeneration, including amyloid-3 deposition and
structural decline. As Alzheimer disease progresses in a
relatively predictable neuroanatomical sequence, MMSE
subdomains provide clinically meaningful stage markers:
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orientation and memory deficits often correspond to early
hippocampal involvement, while language and visuospatial
impairments reflect later temporoparietal degeneration [5,6].
This multidimensional structure allows the MMSE to map
aspects of the disease trajectory beyond a single total score.

Nevertheless, the diagnostic performance of the MM SE varies
considerably across educational levels [7,8]. Individuals with
higher education often exhibit fal se-negative results due to two
well-recognized mechanisms. compensatory neuroplasticity
that delays the manifestation of cognitive symptoms[9] and the
use of test-taking strategies that alow them to maintain
near-normal scores despite underlying pathology [10,11]. In
contrast, individuals with limited formal education show
substantially higher false-positive rates, particularly on
education-dependent items, such as literacy tasks and object
naming, with error rates increasing by approximately 30% to
35% compared with education-neutral instruments[12-15]. As
a result, the MMSE demonstrates reduced sensitivity
(68% - 72%) and specificity (65% - 70%) when a conventional
cutoff score of 24 points is applied across heterogeneous
educational backgrounds [16-18]. Current clinical guidelines
therefore emphasi ze the need to incorporate educational history
into cognitive assessment to minimize diagnostic inaccuracies
[19,20].

Machine learning (ML) has emerged as a transformative
approach in medical diagnostics, with particular relevance to
cognitive assessment optimization. Support Vector Machines
(SVMy) offer several advantages for psychometric refinement,
including (1) robust performance in limited-sample settings
(typicaly n<1000) [21,22], (2) effective handling and
interpretability of high-dimensional feature spaces[23,24], and
(3) strong compatibility with multimodal data integration
frameworksthat combine neuropsychological assessmentswith
imaging- or biomarker-derived measures [25-28]. Earlier ML
classifiers trained solely on MMSE tota scores or
subitems—most commonly logistic regression, SV M, or random
forest—have demonstrated moderate diagnostic performance,
with reported accuracies of 72% to 85% and area under the
curve (AUC) values of 0.75t00.85[29]. In contrast, multimodal
models integrating magnetic resonance imaging (MRI)
radiomics, positron emission tomography (PET) signatures, or
speech biomarkers consistently achieve accuracies exceeding
90% to 95% [30,31]. This performance gap highlights the need
for methodological innovations that enhance unimodal
MM SE-based classifiers while preserving their scalability and
low implementation cost.

This study introduces an education-sensitive adaptation of the
MMSE based on an SVM-guided dynamic weighting
framework. We analyzed cognitive screening data (n=812)
collected from Chinesetertiary hospitals and community health
centers and stratified participantsinto four educational cohorts:
illiterate (Oy), primary (<6Y), secondary (7 - 12y), and tertiary
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(=13 y). The model uses systematic item-response analysis
combined with SVM-guided weighting to adjust the relative
contribution of each MM SE subitem in an education-specific
manner.

This work provides 2 methodological innovations. Firgt, it
moves beyond conventional linear education corrections by
using nonlinear SVM modeling to identify “cognitive
interference” patterns unique to each education level. Second,
it introduces adynamic weighting strategy specifically designed
to mitigate the disproportionate false-positive burden
experienced by low-literacy populations. Together, these
innovations aim to deliver a more equitable and clinically
practical adaptation of the MMSE, particularly relevant for
resource-limited settings.

Although unimodal or condensed classifiers derived solely from
MMSE subitems are highly accessible, they are inherently
constrained by limited feature richness and therefore tend to
exhibit moderate predictive performance. In contrast,
multimodal diagnostic systems—such asthoseleveraging MRI,
PET, radiomics, or speech biomarkers—achieve substantially
higher accuracies but remain impractical for widespread
screening due to cost, technical requirements, and limited
availability in primary care. Thus, methodological advances
that enhance the diagnostic utility of unimodal MM SE-based
approaches, while maintaining their affordability and scal ability,
are urgently needed. This study addresses this gap by proposing
an education-stratified dynamic weighting method designed to
improve predictive performance within the intrinsic limitations
of unimodal cognitive classifiers.

Methods

Ethical Considerations

Thisstudy followed the principles of the Declaration of Helsinki
and was approved by the Ethics Committee of the First
Affiliated Hospital of the University of Science and Technology
of China (approval number 2024-RE-431). All clinical and
community datasets were obtai ned with authorization from the
original data custodians. During data processing, only
anonymized records were used, and no personally identifiable
information (eg, names, addresses) was accessed, ensuring
compliance with the Declaration of Helsinki.

Sample

Cognitive assessment data were obtained from two sources: the
Rehabilitation Medicine Department of atertiary hospital and
acommunity-based cognitive screening program. A total of 812
valid records were included. Among these, 404 samples were
collected from outpatients and inpatients with clinically
diagnosed cognitive impairment. The inclusion and exclusion
criteriaare summarized in Table 1.
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Source Number (n) Inclusion criteria Exclusion criteria Data assessment require-
ments

Clinical dataset 404 Outpatients and inpa- Patients who under- «  Forclinica data: All
tientswith clinically went surgery or died MM SE assessors com-
confirmed cognitive during hospitalization pleted a standardized
impairment Missing MM SE? assess- 12-h training program
Complete clinical and ment data and passed certifica-
assessment records tion.

«  Posteollection, automat-
ed missing value detec-
tion and manual verifi-
cation were performed.

Community dataset 408 Community residents Individualswith diag- For community data
with no medical consul- nosed mild cognitive Assessments followed
tation for cognitive impairment or suspect- standardized communi-

complaints within the
past 12 mo

Intact consciousness
and ability to complete
cognitive assessments

ed cognitive decline

Individual swithincom-
plete assessment proce-
duresor severeorganic
neurological conditions

ty screening proce-
dures. Assessments
were administered fol-
lowing standardized
community screening

procedures with verifi-
cation of datacomplete-
ness and adherence to
protocol.

3MMSE: Mini-Mental State Examination.

Scale Selection and Scoring Criteria

The MM SE was used as the primary cognitive assessment tool.
The scale comprises five cognitive domains. orientation,
memory, attention and calculation, language, and visuospatial
construction. Education-adjusted cutoff scores were based on
Chinese normative standards[3]: illiterate group: <17, primary
school group: <20, secondary school group: <22, and university
group: <23.

Data Processing and Grouping

Overview

A total of 1000 assessments were collected initialy. After
quality control, 188 (18.8%) records were excluded due to
missing data (n=107, 10.7%), nonstandardized test
administration (n=35, 3.5%), or unqualified assessors (n=46,
4.6%). Before merging the hospital and community datasets,
baseline demographic comparability was examined using an
independent-samples t test (age) and chi-sguare test (gender)
to minimize potential selection bias.

The final dataset (N=812) was dtratified by educational
attainment asfollows: illiterate (n=108, 13.3%), primary school
(n=105, 12.9%), secondary school (n=364, 44.8%), and
university (n=235, 28.9%). Within each group, patient and
control countswere recorded asilliterate (patients: n=60, 7.4%;
and controls: n=48, 5.9%), primary (patients: n=53, 6.5%; and

https://rehab.jmir.org/2026/1/€79841

controls: n=52, 6.4%), secondary (patients: n=185, 22.8%; and
controls: n=179, 22.0%), and university (patients: n=106, 13.1%;
and controls: =129, 15.9%). This preprocessing ensured a
standardized data foundation for subsequent ML procedures.

Model Selection

A SVM classifier with a Radial Basis Function kernel was
selected due to its suitability for medium-sized datasets and its
capacity to model nonlinear decision boundaries. A stratified
5-fold cross-vaidation scheme was used to maximize data
utilization while preserving the original case-control ratio within
each educational group.

Hyperparameter Optimization

Hyperparameters were optimized through a grid search
embedded within the cross-validation framework. The search
grid included penalty parameter C: {0.1, 1, 5, 10, 100} and
kernel coefficient y: {0.001, 0.01, 0.1, 1}.

For each parameter pair, the model was trained on 4 folds and
eva uated on the remaining fold, and the average accuracy across
al 5 folds was used to identify the optimal configuration.
Educati on-specific model swere then retrained on the full dataset
using the selected hyperparametersto ensure maximal predictive
performance while avoiding information leakage.

Experimental Design
The overall experimental workflow is presented in Figure 1.
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Figure 1. Contribution of individual Mini-Mental State Examination (MM SE)j items across educational strata. Feature importance was quantified
using the percentage change in cross-validated accuracy (4;) after deleting each subitem. We operationally defined critical factors as items whose
removal caused a performance decrease of A<-1.0 and interference factors as items whose removal increased accuracy by A>+0.5. SVM: support

vector machine.

atient patients in
% a tertiary hospital
n=404

Mixed data Filter data

_ 5

Take the illiterate group as an example

Time
Space

Immediate Memory

@ N =N

Ori pred=0.79732

The process began with datafusion and initial grouping: clinical
and community datawere merged to construct theinitial dataset
(n=812), and participants were stratified into 4 educational
groups (ie, illiterate, primary school, secondary school, and
university) to ensure subsequent analyses reflected
education-specific cognitive characteristics. Next, a Support
Vector Machine classifier with a radial basis function kernel
was trained using a stratified 5-fold cross-validation scheme,
preserving the original case-control ratio within each group. To
quantify the contribution of each MM SE subitem, a systematic
ablation procedure was performed. For each educational group,
each subitem was removed in turn, and an SVM model was
retrained. The feature contribution was quantified using the
cross-validated change in prediction accuracy (4), calculated
as.

A=Accuracypostdel etion—Accuracybaseline

A negative A indicates a positive contribution (performance
dropped when the item was removed), while a positive A
suggests the item acted as noise. Finally, based on the subitem
contribution profiles, an education-specific dynamic weighting
scheme was constructed to adjust the relative importance of
MM SE subitems before classification.
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Other Statistical Techniques

Routine statistical analyseswere performed using SPSS version
24.0 (IBM Corp), and ML model construction and evaluation
were conducted using Python (version 3.10.10; Python Software
Foundation)

For categorical variables, chi-square or Fisher exact tests were
applied depending on expected frequencies. Continuous
variables with a normal distribution were expressed as mean
(SD) and compared using independent-samplest tests. Variables
not following a normal distribution were summarized using
median (IQR) and analyzed using nonparametric tests.

A 2-tailed P<.05 was considered statistically significant.

Results

Demographic Comparison
Following data cleansing, demographic characteristics of the
clinica and community datasets were compared to verify
baseline homogeneity before integration. As presented in Table
2, differences in age and gender distributions were not
statistically significant (P>.05).
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Table. Demographic characteristics and data composition stratified by educational background.

Characteristic Iliterate (n=108) Primary school Secondary school University (n=235) P value
(n=105) (n=364)
Age, mean (SD) 59.02 (8.5) 58.55 (7.8) 58.62 (8.1) 56.7 (7.4) .05
Gender, n (%) 37
Male 67 (62.0) 60 (57.1) 219 (60.2) 140 (59.6)
Female 41 (38.0) 45 (42.9) 145 (39.8) 95 (40.4)
Data source, n (%) a2
Clinical® (patient) 60 (55.6) 53 (50.5) 185 (50.8) 106 (45.1)
Community? (con- 48 (44.4) 52 (49.5) 179 (49.2) 129 (54.9)
tral)

3Hospital dataset: patients diagnosed or evaluated in the tertiary hospital.
bCommunity dataset: participants recruited from community-based cognitive screening programs.

. R . subitem was used to quantify itsimportance. A negative Ai (<
Item-Wise Contribution Analysis -1.0) indicated a critical item whose removal impaired
To assess the contribution of individual MM SE items across  performance, while a positive Ai (> +0.5) indicated an

educational groups, we conducted an item deletion experiment.  jnterferenceitem whose removal improved accuracy. Theresults
Thechangein cross-validated accuracy (Ai) after removingeach  of this analysis are visualized in Figure 2.

Figure 2. Heatmap visudization of feature contribution analysis. The color spectrum reflects prediction accuracy after item deletion. Cooler colors
(blue and green) denote "critical features' (accuracy drop), while warmer colors (yellow and red) denote "neutral/interfering features' (accuracy
stable/increase). The y-axis represents educational groups with the following sample sizes (N_patient/N_control): illiterate (60/48), primary school
(53/52), secondary school (185/179), and university (106/129). DM: delayed memory; EA: execution ability; IM: immediate memory; PP: penmanship
and praxis; SS: spatial structure.

Accuracy (%)
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Illiterate Group

Intheilliterate cohort (baseline accuracy=78.83%), al subitems
demonstrated positive contributions. The most influential items
were spatial orientation (A=—6.58% postremoval), immediate
memory (A=—3.85%), and writing (A=—2.86%). No interference
items were identified.

Primary School Group

Inthe primary school group (baseline accuracy=85.71%), spatial
construction functioned as an interference factor (A =+0.95%),
while calculation showed a negligible effect (A=0). Removal
of immediate memory, delayed recall, reading, or writing
reduced accuracy to 83.81% (A=-1.90%).

Secondary School Group

In the secondary school group (baseline accuracy=69.78%),
multiple interference factors were observed: spatial orientation
(A=+3.57%), delayed recall (A=+3.02%), executive function
(A=+2.19%), reading (A=+1.64%), immediate memory
(A=+2.47%), writing (A=+0.20%), and spatial construction
(A=+1.10%). Only tempora orientation (A=-0.83%) and
caculation ability (A=-0.80%) demonstrated positive
contributions.

Liuetd

University Group

In the university group (basdline accuracy=71.49%), five
interference items were identified: spatial orientation
(A=+2.98%), calculation (A=+2.98%), immediate memory
(A=+1.70%), naming (A=+1.70%), and delayed recall
(A=+1.42%). Repetition (A=—0.57%) and reading (A=—0.30%)
showed small positive contributions.

Item Weight Analysis

On the basis of these contribution patterns, education-specific
weighted coefficients were calculated for all MM SE subitems.
The weighted diagnostic score was defined as follows:

S=yt-111 (vixwl)

where S is the final weighted diagnostic score, v; is the raw
score of the i-th MMSE subitem, and w; is the dynamic
weighting coefficient assigned to the i-th subitem.

Classification was determined by comparing S to a
group-specific classification threshold (T): S<T indicated
cognitive impairment, and S>T indicated normal cognition.

After normalization, the maximum possible wei ghted scorewas
60. Education-specific diagnostic thresholds were defined as
follows: illiterate (t=30), primary (t=31), secondary (t=32), and
university (t=33). As presented in Tables 3 and 4, accuracy
improved across al educational strata after weight calibration.

Table. Model performance and weighting coefficients for core cognitive domains by educational group.

Group Prediction accu- Prediction accu- Orientation Orientation Memory (imme- Memory (de- Attention and
racy before racy after (time) (space) diate) layed) calculation
weighting weighting

Illiterate (%) 79.83 86.08 1 3 2 2 1

Primary school ~ 85.71 88.16 2 3 2 2 1

(9%0)

Secondary 69.78 69.83 2 3 2 1 2

school (%)

University (%)  71.49 73.62 1 3 2 2 2

Table. Weighting coefficients for language and visuospatial domains by educational group.

Group Naming Repetition Execution ability =~ Reading Writing Spatial structure

Illiterate (%) 3 3 2 3 2 3

Primary school (%) 1 2 3 2 2 1

Secondary school 2 2 2 1 1 1

(%)

University (%) 2 3 1 1 2 2

Table 5 summarizesthe diagnostic performance before and after
dynamic weighting, including accuracy, sensitivity, specificity,
AUC, and the statistical significance of performance changes.
The largest improvement occurred in the illiterate group
(A=+7.25%), whereas the secondary school group showed the
smallest improvement (A=+0.05%).

Weight distributions differed across education levels. For basic
cognitive domains, spatial orientation weights were uniformly
set to 3 across al groups, and immediate memory weights

https://rehab.jmir.org/2026/1/€79841

remained at 2. In the illiterate group, naming, repetition, and
spatial construction received the highest weights (all=3). Inthe
primary school group, temporal orientation was weighted at 2
and spatial construction was weighted at 1. In the secondary
school group, executive function and cal culation were weighted
at 2, while spatial construction remained at 1. In the university
group, executive function received the highest weight (3),
calculation wasweighted at 2, and spatial construction, reading,
and writing each received aweight of 1.
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Table. Comparison of diagnostic performance metrics and statistical significance before and after dynamic weighting.

Education group and metric  Before weighting After weighting Improvement (4) P vaue
Iliterate 7.25% .06
Accuracy (%) 78.83 86.08
Sensitivity (%) 81.45 84.92
Specificity (%) 76.21 87.24
AUC? 0.835 0.912
Primary school 2.45% .03
Accuracy (%) 85.71 88.16
Sensitivity (%) 86.10 88.54
Specificity (%) 85.32 87.78
AUC 0.894 0.928
Secondary school 0.05% 46
Accuracy (%) 69.78 69.83
Sensitivity (%) 70.25 70.31
Specificity (%) 69.31 69.35
AUC 0.752 0.753
University 2.13% .18
Accuracy (%) 71.49 73.62
Sensitivity (%) 72.15 74.88
Specificity (%) 70.83 72.36
AUC 0.768 0.795

8AUC: area under the curve.

Discussion

Principal Findings

This study developed an education-sensitive optimization
framework for the MMSE using a dynamic SVM-based
weighting strategy. Across 812 education-stratified participants,
the model demonstrated that cognitive subitems contribute
differently to diagnostic prediction depending on years of formal
education. Dynamic weighting enhanced the performance of
unimodal MM SE classifiers, particularly in low-literacy groups,
and reduced education-related diagnostic bias. These findings
refine the diagnostic utility of condensed cognitive screening
toolsand support their broader applicability in resource-limited
settings.

Comparison With Prior Work

ML has been widely applied to cognitive assessment [32-35],
yet existing studies typically use MM SE scores as features or
labels without addressing education-driven measurement bias
[36,37]. Prior condensed MMSE-only classifiers generally

https://rehab.jmir.org/2026/1/€79841
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achieve accuracies of 72% to 85%, whereas multimodal MRI-,
PET-, and biomarker-based models often exceed 90% [32,33].
Although our model remains unimodal, the dynamic weighting
mechanism improved prediction by amplifying high-value
signals and attenuating education-dependent interference,
partialy narrowing the performance gap with multimodal
systems while sustaining low cost and operational simplicity.

Traditional MMSE optimization approaches—such as linear
education correctionsor standard ML model s—lack the capacity
to capture nonlinear, education-specific feature interactions
[38]. In contrast, our framework integrates item deletion
experimentswith SVM-informed dynamic weighting to generate
trangparent, subgroup-adaptive coefficients. Thisapproach offers
an interpretable alternative to black box ensemble models and
provides an effective mechanism for addressing item-level
educational bias in cognitive assessment. A comprehensive
comparison between the proposed dynamic weighted SVM
model and existing cognitive assessment optimization strategies
is presented in Table 6.
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Table . Comparison of the proposed dynamic weighted Support Vector Machine (SVM) model with existing cognitive assessment optimization

strategies.

Optimization strategy

Key methodology

Data requirements

Advantages

Limitations

Traditional linear correction  Linear regression and fixed MM SE scorestdemograph- Simplecalculationand clini-  Ignored nonlinear “ cognitive
(eg, MMSE%E) point addition ics cally familiar interference” and low preci-
sion
Standard machinelearning  Black box classification uss MM SE subitems or total High classification accuracy Low interpretability (“black
(eg, RF?, ANNC) ing raw scores scores box") and hard to explainto
clinicians
Multimodal fusion models ~ Deep learning MRI/PETY imag- Highest accuracy (>90%)  High cost, low accessibility
(CN NYRN N integration  ing+biomarkers+scale and comprehensuve patholo- in primary care, and com-
gy mapping plex deployment
This study (dynamic Nonlinear dynamic weight- MMSE subitemsonly (low  Highinterpretability (visible Accuracy islower than mul-
weighted SVM) ingviaSVM cost) weights), education adap-  timodal models (feature
tive, and high accessibility  limitation)
3VIMSE: Mini-Mental State Examination.
PRF: random forest.
CANN: artificial neural network.
4CNN: convolutional neural network.
®RNN: recurrent neural network.
"MRI: magnetic resonance imaging.
9PET: positron emission tomography.
Limitations

Interpretation of Education-Specific Patterns

Education-stratified analyses reveaed distinct, cognitive reliance
patterns. The illiterate group depended heavily on orientation
and immediate memory, consistent with basic functional
domains commonly preserved in low-literacy populations. The
primary school group demonstrated changes in weighting for
temporal orientation, whereas secondary school participants
exhibited varied interference across multiple domains and
minimal model improvement (A=0.05), suggesting high
within-group heterogeneity. University-educated participants
showed stronger reliance on executive functioning and
calculation. These patterns align with prior evidence that
cognitive performance becomes increasingly distributed and
strategy dependent with higher educational attainment [39,40].

The dynamic weighting strategy provided incremental accuracy
improvements across al educational cohorts while reducing
false-positiveratesin lower-education groups. Subitem deletion
further allowed visualization of feature importance (Figure 2),
conceptually anal ogousto Shapley Additive Explanations—based
explainability, thereby enhancing the transparency of SVM
decision processes. Clinical validation by senior rehabilitation
physicians confirmed that weight distributions reflected
plausible neurocognitive patterns.

External validation using an independent community dataset
(n=314) demonstrated stable performance (overall accuracy:
82.48% and AUC: 0.88), with the highest accuracy observed
in the illiterate group (88.89%). These results support the
generalizability and robustness of the proposed dynamic
weighting model and mitigate concerns about overfitting.

https://rehab.jmir.org/2026/1/€79841

Thisstudy has several limitations. First, the sasmplewas derived
from a single geographic region, leading to educational
imbalance across subgroups and potentially limiting
generalizability. Broader multicenter sampling is needed.
Second, demographic confounders beyond age and
gender—such as socioeconomic status, occupational complexity,
and urban-rural residence—were not available in the dataset,
restricting the ability to fully disentangle education effectsfrom
related social determinants. Third, although the MM SE provides
valuable screening utility, ceiling effects in highly educated
individuals limit sensitivity to early cognitive decline.
Integrating additional modalities, such asthe Montreal Cognitive
Assessment or imaging markers, may complement the proposed
model. Finadly, the SYM model relied on grid-search
hyperparameter tuning; future research may explore
AutoML-based optimization to improve efficiency and
predictive performance.

Conclusions

This study proposes a dynamic SVM-based weighting
framework that enhancesthe diagnostic fairness of MM SE-based
cognitive screening across diverse educational backgrounds.
By quantifying item-level contributions and adapting subitem
weights for each education group, the method addresses a
longstanding source of measurement bias in cognitive
assessment. The approach retains the accessibility and scalability
of condensed cognitive screening tools while improving
prediction accuracy and interpretability. Thesefindings provide
a practical foundation for developing equitable cognitive
assessment strategies, particularly in resource-limited regions.
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Abstract

Background: Stairclimbing wheelchairs offer enhanced mobility for users navigating multilevel environments, yet limited
research addresses the ergonomics of lever propulsion-based stair climbing mechanisms. Comprehensive ergonomic assessment
integrating both subjective user feedback and objective biomechanical analysisis essential for optimizing assistive device design
for comfort and usability.

Objective: This pilot study aims to assess the ergonomic design of a transformable stair-climbing wheelchair through a
dual-methodology approach, evaluating plane surface movement accessibility and quantifying muscle activation patterns during
lever-propelled stair-climbing operations using surface electromyography (SEMG).

Methods: This 2-part study involved anthropometric measurements from 20 male participants to establish design parameters
using 5th and 95th percentile values. Part A assessed plane surface movement with 9 participants (7 healthy, 2 with paraplegia)
navigating a simulated urban course featuring a 5° ramp, a 90° turn, and narrow passages across 3 trials. Task completion times
and subjective ride easinessratingswere recorded. Part B used a Taguchi-based fractional factorial design to evaluate 3 ergonomic
factors, including torso angle (A), lever distance (L), and lever orientation (), across 7 healthy participants. Maximum voluntary
contraction (MVC) was measured for 4 muscles, including biceps brachii long head (BBL), triceps brachii long head (TBL),
brachioradialis, and posterior deltoid (PDT).

Results: InPart A, the ramp and 90° turn proved most challenging due to the wheel chair’s 65 kg weight and large turning radius
(~1450 mm). Driving control scored highest (6/10), while comfort scored lowest due to the tilted seat design. In Part B, astraight
torso (A=0°) consistently reduced muscle strain, particularly for brachioradialis. A lever distance of approximately 50 mm and a
neutral to dightly supinated orientation (W=0°-30°) optimized muscle effort. I nteraction effects revea ed high strain configurations
(A=45°; L=100 mm; Y=-30°) exceeding 75 MV C, while optimal settings reduced strain to approximately 50 MV C.

Conclusions: Optimal ergonomic parameters of A=0°, L=37.5 mm, and P=15° are recommended to minimize fatigue and
enhance user comfort. Design improvements should prioritize weight reduction, compact form factor for maneuverability, and
adjustable seat tilt. The modular wheelchair design permits customization for diverse user populations. Future research should
include larger, gender-diverse participant groups and real-world validation studies.

(JMIR Rehabil Assist Technol 2026;13:€78965) doi:10.2196/78965

KEYWORDS

stairclimbing wheelchair; ergonomic design; surface el ectromyography; taguchi design; maximum voluntary contraction; likert
scae

a comprehensive view of user experience. Van der Woude et
al [2], reviewed research and innovation in manual wheelchairs,
focusing on rehabilitation, sports, daily life, and health,
emphasizing physiological responses during propulsion.
However, most studies focus on flat surfaces, with limited
research gpecifically addressing the ergonomics of
lever-propul sion—based stair-climbing, indicating agap that this

Introduction

Ergonomic analysis of any newly designed wheelchair or
assistive technology intervention is crucial for assessing user
comfort and efficiency using already established methodol ogies.
Subjective evaluations, such as Likert scales and visual analog
scale (VAS), are used to eval uate user perception about usability

and comfort of an assistive technology. Cowan et al [1], assessed
paraplegic users, using questionnaires on maneuverability,
stability, and comfort, alongsidetime and kinetic data, providing

https://rehab.jmir.org/2026/1/€78965

study aimsto address. Dubowsky et al [3] compared kinematics,
kinetics, and electromyography in able-bodied and paraplegic
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users, analyzing biceps brachii and triceps brachii during
propulsion, highlighting axle placement effects.

Studies on specific design variables that may affect muscle
activity are crucial for design optimization. Marrow et al [4]
examined the influence of grip position on upper-extremity
posture and muscle activity, linking pronation, supination, and
neutral positionsalong with torso inclination to muscle demands.
Kurup et a [5] looked at push handle height, affecting the
distance from the shoulder to the lever, and itsimpact on muscle
activity. Vermaet a [6] reviewed how different ergonomic and
functional considerations inform manual wheelchair design,
emphasizing wheel chair dimensions based on the stair-climbing
mechanisms. Among all these studies based on the wheelchair
functional or comfort assessments, there is an implicit absence
of pilot studies on newly devel oped stair-climbing technologies
that use electromyography to enhance comfort and usability,
highlighting the role of electromyography in designing for
reduced muscle strain. Such atype of approach has been carried
out in this research to discuss implications of integrating
electromyography data into design processes for minimizing
muscle strain and improving overall user experiencein the case
of stair-climbing operations.

The ergonomic eval uation of stair-climbing wheel chair functions
is necessary for further iterations into the wheelchair design
developed by Vermaet al [7]. For an assistive technology such
asthis stair-climbing wheelchair, the goal isto offer assistance
in activities of daily living such as mobility, nutrition, personal
care, and employment and also act as an enabler of social
interactions such as family or relationship responsibilities and
interpersonal or community relationships, etc. Both subjective
and objective information about the effectiveness of the
wheelchair is required for improvement in this design of the
stair-climbing wheel chair for both plane surface movement and
stair-climbing function. Thisresearch focuses on understanding
the wheelchair use case for a short duration. Any long-term
consequences of the wheelchair design require a more detailed
study spanning over years and are out of the scope of this
research. Thisresearch can be broadly divided into 2 parts, the
first one to collect and assess wheelchair mobility on a plane
surface when thewheelchair istransformed into a plane-surface
wheelchair, and the second part addresses the ergonomics of
stair-climbing when the partici pant performsthe pull-push action
through a set of leversto rotate stair-climbing wheel.

Thispilot study uses an integrated dual-methodology approach
to comprehensively evaluate the stair-climbing wheelchair
design. Part A focuses on ergonomic assessment of plane surface
movement through anthropometric measurements, functional
mobility testing, and subjective user feedback. Part B

https://rehab.jmir.org/2026/1/€78965
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complements this assessment through objective biomechanical
analysis using surface electromyography (SEMG) to quantify
muscle activation patterns during stair-climbing operations.
These 2 methodological components are mutually reinforcing;
the subjective assessments from Part A identify user-perceived
comfort and usability issues, while the objective sEMG
measurements from Part B provide physiological validation of
these subjective experiences and revea underlying
biomechanical factorsthat may not beimmediately apparent to
users. This integrated approach enables both immediate user
feedback and deeper understanding of the physiological demands
imposed by specific design parameters, facilitating
evidence-based design optimization that addresses both
perceived comfort and actual physical strain. The combination
of these methodologies provides a comprehensive framework
for assistive technol ogy assessment that can inform future design
iterations and clinical recommendeations.

Methods

Study Design Overview

This 2-part pilot study used a dual-methodology approach to
evaluate the ergonomic design of atransformable stair-climbing
wheelchair. Part A assessed plane surface movement
accessibility through anthropometric measurements, functional
mobility testing on a simulated urban course, and subjective
user feedback. Part B evaluated lever propulsion ergonomics
during stair-climbing using SEM G to quantify muscle activation
patterns under varying ergonomic configurations determined
by a Taguchi-based fractional factorial design of experiments.

Part A: Ergonomic Assessment of Plane Surface
M ovement

Participants and Anthropometric Measurements

Anthropometric measurements were collected from 20 male
participants (average age 27.5, SD 2.76 years) to establish design
parameters for the modular wheelchair. This demographic was
selected to determine conservative upper-bound dimensions,
recognizing that male participants generaly have larger
anthropometric dimensions. M easurements were taken with the
user seated in an optimal position as shown in Figure 1. The
dimensions collected included hip width, buttock-popliteal
length, popliteal height, subscapular height, shoulder height,
elbow height, knee height, shoulder width, elbow fingertip
length, upper limb length, and shoulder grip length. These
measurements were used to develop a fit and reach matrix
according to user comfort, with 5th and 95th percentile values
calculated for design purposes (Table 1).
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Figure 1. Anthropometric measurements are required to design wheelchair seating and reach dimensions.

H ) A- Hip width

B -Buttock—popliteal length
C- Popliteal height
D- Subscapular height

E- Shoulder height sitting

E
F- Elbow height Sitting
v & G- Knee height
H- Shoulder width
| - Elbow fingertip length
\ J - Upper limb length
A K- Shoulder grip length

Table. Anthropometric data recorded for wheelchair design (dimensions in centimeters).

Annotation Anthropometric Mean (SD) 5th
feature -95th percentile
_a Age (years) 27.5(2.76) 23.95-31.1
— Height (cm) 173.25 (3.46) 168-178
— Weight (kg) 71.75 (4.98) 63.95-78.15
A Hip width (cm) 38.45 (3.26) 34-42.15
B Buttock-Popliteal 51 (4.41) 42.95-56.05
length
Popliteal height (cm)  42.1(2.67) 38.95-47.05
D Subscapular height 45.75 (2.22) 43-50.05
(cm)
E Shoulder height (cm)  60.85 (3.28) 54.95-60.85
F Elbow height (cm) 24.85 (2.13) 22-28.05
G Knee height (cm) 53.95 (4.50) 48.95-60.15
H Shoulder width (cm)  55.45 (4.5) 50.85-63.15
I Elbow fingertip length  36.35 (2.75) 33-41.05
(cm)
J Upper limblength (cm) 85.4 (4.28) 78.95-92.1
K Shoulder griplength ~ 75.8 (5.01) 67.95-82.15
(cm)
3ot applicable.
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Functional Anthropometry for Reach and Clearances

Thewheel chair design dimensions were based on standards and
guidelinesfrom the Central Public Works Department (CPWD),

Vermaet al

the Office of Chief Commissioner for Personswith Disabilities,
IS 4963 (building code standard), and IS 7454 (wheelchair
specification standard). The clearance dimensions are
summarized in Table 2.

Table. Clearance dimensions for the wheelchair based on standards and guidelines (in mm).

Reach ranges Standards and guidelines
1S-74542[8] CcPWDP[9] CCDC[10] 1509 [11]

Forward high 1350 - 1600 1200 1200 1200
Forward low Not specified 400 400 400
Forward obstructed high 715 - 830 1100 1100 Not specified
Lateral high 1350 - 1770 1300 1300 Not specified
Lateral low Not specified 250 250 Not specified
Lateral obstructed high Not specified 1200 1200 Not specified
Maneuvering clearances

Circular diameter-360° 1500 1500 - 2000 1800 1500

turn

4S: Indian Standard in architecture.
bCPWD: Central Public Works Department.
®CCD: Chief Commissioner-Disability.
450: International Standard Organization.

Thewheelchair dimensionsfor clearances and reach were based
on the maximum of maximum (95th percentile) and minimum
of minimum (5th percentile) human anthropometric dimensions,
respectively. Wheelchair dimensions such as seat length and
backrest angle were designed to be adjustable over the 5th and
95th percentile range using an angle-adjustable backrest and a

slide-lock mechanism. The reach space design was based on
wheelchair height (H1) for vertical reaches and length L1 as
shownin Figure 2A-2B, width L2 (Figure 2B), and distance L3
(Figure 2C) for horizontal distances, calculated using a digital
human model (DHM).

Figure2. Maximum reach illustrated by a digital human model in (A) sagittal plane, (B) corona plane, and (C) transverse plane.
- AY

The primary reach relationships derived from the DHM are
given by equations (1-4):

Forward high: (1)

H1+Excos A+Kxsin (174)=1200mm
Forward low: (2)

H1+ExcosA—K xsin(174)=400mm
Lateral high: (3)

H1+E+Kxsin(174)=1300mm
Latera low: (4)

H1+Exsin(t)-Kxsin(174)=250mm
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Where H1 is the height of the wheelchair from the ground to
the lowest point on the seat (500 mm), E is the shoulder height
from the seat, A is the torso angle the participants make with
the corona plane, K is the shoulder grip length, and T is the
angle the torso makes with the sagittal plane.

The minimum turning distance required for a 360° turn was
calculated using Equation (5):

Tcircular=2x1xL 12+L 22 (5)
Where L12+L22 is the turning radius of the wheelchair
For this prototype, L1=600 mm and L2=950 mm
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Therefore, the distance required for a360° turn cal cul ated using
DHM will be,

TCi rcular:4870 mm.

Simulated Course Design and Protocol

The manual stair-climbing wheelchair is a dual-purpose
wheelchair designed to provide multidimensional accessibility

https://rehab.jmir.org/2026/1/€78965

RenderX
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on both stairs and plane surfaces. To test the efficacy of
wheelchair driving on plane surfaces, a simulated course was
designed to test maneuverability and control. The simulated
course contained architectural hurdles that a wheelchair user
faces in an urban setting, including a 5° ramp followed by a
sharp 90° turn and then converging and diverging spaces. The
courseisillustrated in Figure 3.
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Figure 3. Wheelchair course designed for ergonomic design study of plane surface movement configuration of wheelchair.
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This pilot study used n=9 participants for plane surface guidelinesfor feasibility studiesin assistive technology research

assessment (7 healthy, 2 with paraplegia), following established

https://rehab.jmir.org/2026/1/€78965

XSL-FO

RenderX

[12,13]. Two participants with paraplegia provided critical
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real-world user validation. The course was designed as a
controlled experimental environment to ensure participant safety
and enable systematic data collection, including multiple stair
configurations with varying heights (15 - 20 cm) and depths
(25 - 30.cm), curved pathways, ssmulated obstacles, and various
surface transitions representative of typical urban environments.

The subjective descriptors used for the response for each riding
task using Likert scales were (1) strongly favorable (score=4),
(2) moderately favorable (score =3), (3) moderately unfavorable
(score=2), and (4) strongly unfavorable (score=1). Task
completion times were recorded for each of the 9 tasks across
3 trials. After the completion of al tasks, a subjective survey
of thewhole task wastaken on avisual satisfaction scaleranging
from O (Very negative) to 10 (Very positive) for overall ride
comfort, stability, driving control, perception, and
maneuverability.

Part B: Lever Propulsion SEMG Study

Muscles Under Study

The biomechanical evaluation of arm and shoul der muscleswas
performed to identify and mitigate shoulder pain and fatigue
generated during lever propulsion. Use of SEMG isaprominent
method for recording muscle activation artifacts to understand
muscle effort, muscle activation timing, and muscle fatigue.
The activation timing study of a muscle group was performed
to understand the loading profile of muscle at aspecificinterval
in the work cycle [14]. Surface electromyography aso helpsin
identifying muscles under fatigue by observing an increase in
amplitude and decrease in median frequency of the bioelectrical
signal [15].

The upper limb and shoulder are the most common sitesfor any
possible stress injury or musculoskeletal disorder due to
long-term cyclic loading during lever-based propulsion[16,17].
The muscle groups under study for this specific research go
under cyclic dynamic interactions and muscle fiber contractions
during the lever-based propulsion cycle and are anisometric
(concentric and eccentric) in nature. Therefore, the shoulder
and arm joint angles are also required to be recorded while
recording SEM G activity. Therecorded el ectromyography signal
has artifacts from the velocity- and angle-dependent muscle
excitation of the shoulder and elbow extensors and flexors. The
muscle activation of the extensor and flexor groups will be
significant during both actions of pulling and pushing. But,
since only pulling stroke isresponsible for stair climbing, only
those muscleswill show significant dynamic electromyography
activity that are associated with pulling action (elbow flexors
and shoulder extensors muscle groups).

https://rehab.jmir.org/2026/1/€78965
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The action of lever propulsion in wheelchairs and its
physiological effects are reported by only afew researchers, as
the wheelchairs developed with a lever mechanism are very
much limited, and in consequence, e ectromyography-based
ergonomic evaluations based on them. There are few studies
about lever-based propulsion effort, but they are limited to
physiol ogical measurements such as oxygen uptake, respiration
ratio, minute ventilation, heart rate, etc [18-20]. With the advent
of surface electromyography recording and processing
techniques, the idea of using electromyography as a dominant
physiological parameter that can influence design isincreasing.
Push-rim—based propulsion of a plane-surface wheelchair has
been highly explored using surface electromyography studies
on dominant-side muscle groups such as the deltoid group,
triceps group, and bicep groups. As reported in the literature,
there are some overlapping muscle groups engaged during both
lever propulsion and hand-rim propulsion, such as biceps
brachii, posterior deltoid, triceps, pectoralis major, etc [21-23]

Theaction of lever propulsion isapush-pull action that requires
elbow (flexion and extension) and shoulder (flexion and
extension) movement. The action of pulling requires flexion of
the elbow and extension of the shoulder muscles and vice versa
for pushing. The pulling stroke is responsible for rotating the
stair-climbing wheel on the staircase. The pushing stroke
(moving the lever away from the chest) isidle and requiresless
effort compared to pulling. Tomiak et al [24], in their research
related to bimanual rowing movement, which mimics a lever
push-pull activity, group together the pulling and pushing
(returning) muscle groups as elbow and shoulder muscles. The
primary goal of the ergonomic evaluation in this section is to
identify extremejoint loading forces by trying different posture
configurations defined by ergonomic factors. Pushing and
pulling tasks can cause extreme lower back and upper joint
loading, leading to muscul oskeletal disorders (MSDs) [25,26].

Four muscle groups were selected for SEMG recording: (1)
biceps brachii long head (BBL), a primary muscle involved in
flexing the elbow, selected due to availability of higher density
of motor neurons (Figure 4A); (2) triceps brachii long head
(TBL), located on the back of the upper arm, responsible for
extending the elbow during the pushing stroke (Figure 4B); (3)
brachioradialis, responsible for forearm and elbow flexion
necessary for pulling, with secondary function of supination.
and pronation for holding the lever (Figure 4B); and (4) posterior
deltoid (PDT), located at the shoulder, extends during shoulder
extension required for pulling the lever toward the chest (Figure
4C).
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Figure 4. Nickel-chromium (Ni-Cr) aloy electrodes stuck on muscle surface using silver-silver chloride electrode (Ag-Cl) hydrogel (A) location of
brachioradialis and BBL muscle group recording, (B) triceps brachii long head (TBL), and (C) posterior deltoid (PDT) muscle group recording.

| |
Biceps Brachii
s/ Long Head
/  (BBL)
2 ,.;_ / Y,
* Brachioradialis

Triceps Brachii Long Head (TBL)

Posterior Deltoid (PDT)

Ergonomic Eactors (Figure 5A), the neutral positionis0° (Figure 5B), and pronation

9 ICFe o is—30° (Figure 5C). Although Sullivan et al [27] reported that

Three ergonomic factors were evaluated in this study: up to a certain degree of pronation, subjective discomfort is

(1) Lever orientation (): the range of motion for supination €€ and higher effort can be achieved compared to supination

and pronation was limited to +30°, where supination is +30° and neutral hand orientation [28], objective evaluation using
electromyography was required.

Figure5. Lever orientation () as an ergonomic factor to study the effect of (A) supination, (B) neutral, and (C) pronation on muscle activation.
e | | N 4 ]

(A) ‘|' Supination |’(_B-) d' - IC-)- ‘I'
. 5 , Al

Neutral %% Pronation =

(2) Torso angle (A): 3 trunk orientations in the coronal plane be achieved at 45°, while maximum stability and minimum
were studied [29,30], including 45° (Figure 6A), 30° (Figure spinal loading can be attained at 0°.
6B), and 0° upright (Figure 6C). The maximum low reach can
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Figure 6. Torso angle made with vertical corona plane (A) 45°, (B) 30°, and (C) 0°.

(3) Lever distance (L): the distance from the shoulder to the lower back of the seated participant to the backrest of the
lever (shoulder grip length+L) was varied using a novel seat  wheelchair. Threelevelsweretested, including L=0 mm (Figure
adjustment mechanism. The distance L was calculated fromthe  7A), L=50 mm (Figure 7B), and L=100 mm (Figure 7C).

Figure 7. Ergonomic factor lever distance L for (A) L =0, (B) L =50 mm, and (C) L = 100 mm.

Participants and Experimental Design

Seven healthy participants (S1-S7) were selected for the surface
electromyographic study. The anthropometric data of the
participantsis shown in Table 3.

Table. Anthropometric characteristics of participants in the surface electromyography (SEMG) study.

Participants Age (years) Upper arm length (cm) Lower arm length (cm) BMI
S1 28 32 24 22.6
S2 33 34 23 26
S3 30 34 26 21
4 31 36 28 20.7
S5 31 36 27 225
S6 33 32 24 24
S7 31 37 29 25

A 3-factor, 3-level experimental design was used. The factors  experimenta runs (Table 5). Each participant performed the
and their levels are shown in Table 4. A full factorial design  lever push-pull action while seated in the configuration specified
would require 27 runs; this was reduced to a 1/3 fractional by each experiment.

factorial design using the Taguchi method, requiring 9
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Table. Factors and their respective levels for identifying ergonomic seating.

Factors Level 1 Level 2 Level 3
Torso angle (A) 45° 30° o°
Lever distance (L) 0Omm 50 mm 100 mm
Lever orientation () _30° ° +30°

Table. 1/3fractional factoria design of experiment (Taguchi) for 3 factors, 3 levels.

Experiment number Torso anglelevel (A)

Lever distance level (L; Lever orientation level ()

in mm)
El 45° 0 -30°
E2 45° 50 Q°
E3 45° 100 +30°
E4 30° 0 0°
ES 30° 50 +30°
E6 30° 100 _30°
E7 o° 0 +30°
E8 ° 50 _30°
E9 Q° 100 P

I nstruments and Electromyography Data Recording

The test wheelchair used in this study is a manually propelled
stair-climbing wheel chair with aratchet-based |ever mechanism
that provides ato-and-fro motion where pulling toward the chest
engagesthelever with the propulsion shaft, providing rotational
motion to the stair-climbing wheel. For recording SEMG data,
an ADS1299-based evaluation board (Texas Instruments) was
used, providing 8 analog channels with a common reference,
asreported in earlier SEMG studies [31-33]. These 8 channels

https://rehab.jmir.org/2026/1/€78965
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were configured to create 4 channels with a common-mode
rejection ratio for high-quality SEMG data for al 4 muscle
groups as shown in Figure 8. An instrumentation gain of 11X
and an overall system gain of 2420X were applied. Ultra-low
impedance (<100 ohms) nickel-chromium (Ni-Cr) alloy
electrodes were used with silver-silver chloride electrode
(Ag-Cl) adhesive solid hydrogel at the electrode-skin interface
to reduce skin impedance. The sampling frequency was 500
Hz.
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Figure 8. Surface electromyography (SEMG) data recorded on an ADS1299-based board for muscle groups biceps brachii long head (BBL), triceps
brachii long head (TBL), brachioradialis, and posterior deltoid (PDT) for participant S1 during experiment E1.
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Theraw electromyography signal wasfiltered using aband-pass  activation timing based on adaptive threshold, the Hilbert
Butterworth Infinite Impulse Response filter. The filtered transform was used with athreshold duration of 25 samplesto
electromyography signal was further processed by taking the avoid influence of noise or other involuntary artifacts visible
absolute value and applying a moving average filter (window in Figure 10A. From the activation timing study, an activation
of 50 samples) asshownin Figure 9. For identification of muscle  window for the pull-push cycleisillustrated in Figure 10B.

Figure 9. Digitaly filtered data for muscle groups BBL, TBL, brachioradialis, and PDT for participant S1 during experiment E1, showing individual

activation of muscles following activation timing patterns of pushing and pulling.
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Figure 10. Muscle activation detection and its representation (A) Detection of muscle activation timing and amplitude threshold on adigitally processed
electromyography signal (participant S1, experiment E8) using the Hilbert transform. (B) Muscle activation window in pull-push cycle of lever propulsion.
BBL: biceps brachii long head; PDT: posterior deltoid; TBL: triceps brachii long head.
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Electromyography Data Processing: Maximum
Voluntary Contraction

Maximum voluntary contraction (MV C) was calculated from
the digitaly filtered electromyography envelope with absolute
values as a quantifiable parameter for normalizing the
electromyography signal. The weighted average of envelope
amplitude and envel ope root-mean square (RMS) was used to
calculate MV C [34], expressed as.

MVC=w1 [ A+w2 [] RMS (6)

Where A is the maximum amplitude of the electromyography
envelope given by

A=max (X) —min (X) (7)

X={x1,x2,x3...... xn}; X is the dataset of
electromyography signal recorded over timet.

filtered
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X; represents the amplitude of the electromyography signal at
i-th time point.

RM S means root mean square of dataset X.

Following Merletti and Parker (2004) [34], the weights were
set asw1=0.7 and w2=0.3, prioritizing sensitivity to maximum
activation for detecting full recruitment peaks while
complementing it with RM S stability to mitigate outlier effects.

Muscle coordination patterns were assessed using the Pearson
correlation coefficient “r” to measure the linear relationship
between MV C values of muscle pairs [35]. The coefficient is
given by:

r=y i=1n(xi—x=)(yi-=y-)Y i=1n(xi—-x-)25 i=1n(yi-y-)2
where x; and y; are the MV C values for 2 muscles (eg, anterior

deltoid and biceps brachii) across al observations, and x- and
y- are their means.
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Main Effect and I nteraction Effect Analysis

Quadratic regression models were fitted for each ergonomic
factor—muscle response relationship to characterize the design
space. Main effectsand interaction effects (AB: AxL; AC: Axy;
BC: Lxy) were computed by averaging MV C values across
paired factor combinations. Interaction effects were visualized
using line plots and heatmaps. 3D surface plots were generated
to delineate the ergonomic design space. Statistical significance
of correlations between anthropometric dimensions and task
performance was assessed at P<.05.

Ethical Considerations

This study was approved by the Institutional Ethics Committee
(IEC) of the Indian Institute of Technology Kanpur (IEC
Communication Number: [ITK/IEC/2024-25/1/29, Date of
Approval: June 20, 2024). The study followed the protocaol titled
“Design and Development of amulti-functional assistive device
for restricted Mobility and Rehabilitation.” All procedures

Table. Time taken for each participant to complete the task (in seconds).

Vermaet al

involving human participants adhered to the institutional ethical
standards and the 1964 Helsinki Declaration and its later
amendments or comparable standards. Written informed consent
was obtained from all participants, who were informed of
objectives, procedures, risks, and their right to withdraw without
consequences. No identifying information isincluded here; data
were anonymized and securely stored per institutional and
national privacy guidelines. Participants received no financial
compensation. For those with paraplegia, extra precautions
ensured comfort and safety during testing.

Results

Part A: Plane Surface Movement Results

Task Completion Times

The time taken for each of the 9 participants to complete each
task on the simulated course is presented in Table 6.

Task Participants
S1 S2 S3 A S5 S6 S7 8 SO
c? 5 4 35 3 35 4.2 4 35 53
RP 12.7 145 15 125 14 18 13.8 16.4 16.2
T1°¢ 214 23 254 195 20.5 24 20 19 22
F1d 6 7.2 8.1 6.3 5 45 43 4 55
R1® 1.9 25 2 2 2 2 2 23 28
Nf 104 9.8 6 8 7 9.5 6.5 8.3 9.9
F29 2 2 2 28 2 25 2 22 23
RN 55 3 34 4 4 4 5 32 4.4
To 9.2 7 6 7.3 82 9 85 7 7
&C: concrete.
bR: ramp.

®T1: 90° turn

IF1; granite floor.

€R1: rubber hollow carpet.
N: narrow path.

9F2: ceramic tile floor.
PR2: rubber carpet.

IT2: gradual turn.

The ramp (R) and sharp 90° turn (T1) emerged as the most
time-intensive tasks. The ramp required an average of
approximately 14.8 seconds, while the 90° turn required
approximately 21.6 seconds. Tasks on smooth floor surfaces
(F1 and F2) and rubber carpets (R1 and R2) required relatively
lesstime, averaging 2 - 5 seconds each.

The time required to complete the 9 standardized wheelchair
driving tasks, along with participant favorability ratings, is
summarized below. All times are reported as mean (SE) in
seconds.

https://rehab.jmir.org/2026/1/€78965

Task C (straight corridor): Participants completed the task in
4.1 + 0.9 sand rated it as moderately favorable. Task R (right
turn): 14.8 (1.8)s, rated as moderately unfavorable. Task T1
(tight turn 1): 22.3 (2.1) s, rated as strongly unfavorable. Task
F1 (forward maneuver 1): 5.7 (1.2) s, rated as moderately
unfavorable. Task R1 (reverse 1): 2.4 (0.4)s, rated as moderately
favorable. Task N (narrow passage): 8.5 (1.5) s, rated asstrongly
favorable. Task F2 (forward maneuver 2): 2.5 (0.5) s, rated as
moderately favorable. Task R2 (reverse 2): 4.1 (0.8) s, rated as
moderately favorable. Task T2 (tight turn 2): 7.8 (1.1) s, rated
as moderately favorable.
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These results indicate that tasks involving tight maneuvers
(particularly T1) required substantially more time and received
theleast favorableratings, whereas simpler forward and reverse
tasks were completed quickly and viewed more positively. The
pattern highlights the importance of adequate space and clear
pathways in wheel chair-accessible environments.

Subjective Ratings and Overall Assessment

In the overall subjective response study for all 9 participants
evaluating wheelchair attributes on a visual analog scale from
1t0 10, overall ride comfort received the lowest mean rating of
3.33 (SD 1.58), indicating areas for potential improvement in
user experience during mobility. Wheel chair stability wasrated
moderately higher at a mean of 5.44 (SD 1.74), while driving
control emerged as the strongest attribute with the highest
average score of 6.00 (SD 1.22), suggesting effective handling
and responsiveness in the device's design. Perception of the
wheelchair scored amean of 3.89 (SD 1.17), reflecting possibly
mixed sensory feedback, whereas maneuverability—potentially
encompassi ng response aspects—achieved asolid mean of 5.11

Vermaet al

(SD 1.17), highlighting reliable navigation capabilities as
depicted in the bar graph with error bars representing SDs. The
correlation between task difficulty (higher time and low level
of easiness) and anthropometric dimensions of the participants
was not statistically significant ( P=.04), indicating that task
difficulty could be directly associated with wheelchair design
variables rather than participant characteristics.

Part B: SEMG and MVC Results

Electromyography Amplitude and MVC Values

The average electromyography amplitude and RMS of all 7
partiticipantsfor each muscle group, dong with calculated MV C
values, are presented in Table 7. There was no significant
statistical correlation between the anthropometric features and
electromyography activity in terms of MVC (P=.04). The
maximum electromyography amplitude for each muscle
averaged from all 9 experiments is illustrated in Figure 12A.
Muscle coordination patterns derived from MV C datausing the
Pearson correlation coefficient are shown in Figure 12B.

Table . Average electromyography amplitude and root mean square (RMS) of al 7 participants for each muscle group along with their calculated

maximum voluntary contraction (MVC) values.

Experi-  Electromyography average amplitude Electromyography root mean square MVC
ment BBL? TBLP Brachio- ppT¢ BBL TBL Brachio- PDT BBL TBL Brachio- PDT
radialis radialis radialis

El 69.3 9%4.4 149.6 132.3 7.8 12.2 22.3 174 50.85 69.74 111.41 97.83
E2 55.5 74.8 179.0 95.0 7.3 105 13.24 12.4 41.04 55.51 129.272  70.22
E3 56.8 105.2 136.1 88.3 9 119 14.3 115 42.46 77.21 99.56 65.26
E4 52.9 75.1 128.1 82.6 8.3 120 130 10.0 39.52 56.17 93.57 60.82
E5 59.0 76.5 129.8 83.9 8.6 10.3 15.0 12.0 43.88 56.64 95.36 62.33
E6 56.7 102.5 130.9 121.3 9.0 13.9 16.8 190 42.39 75.92 96.67 90.61
E7 47.8 729 85.6 77.6 8.6 115 116 10.1 36.04 54.48 63.4 57.35
E8 48.7 55.8 75.1 62.1 8.0 9.0 11.3 10.0 36.49 41.76 55.96 46.47
E9 56.6 64.0 132.4 64.0 10.8 9.5 14.8 9.7 42.86 47.65 97.12 47.71

3BBL: biceps brachii long head.
bTBL: triceps brachii long head.
°PDT: posterior deltoid.

https://rehab.jmir.org/2026/1/€78965
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Figure 11. Electromyography voltage output for al 4 muscle groups of 7 participants. (A) Average maximum amplitude of electromyography signal
at different muscle groups for al 7 participants (S1-S7) calculated from all 9 experiments (E1-E9). (B) Muscle coordination pattern calculated using
MV C values. BBL.: biceps brachii long head; PDT: posterior deltoid; TBL: triceps brachii long head.
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Quadratic Regression Analysis
Quadratic regression models werefitted for each factor-muscle
relationship. Theregression equations, residual sum of squares,
and coefficients of determination are presented in Table 8.
Table. Quadratic regression analysis and its parameters for muscle group response and ergonomic factors.
Relation Equation Residual sum of squares Coefficient of determination (%)
BBL2lever distance BBL=42.14 - 4.96 48
0.0710xL+.000753xL 2
BBL-torso angle BBL=38.46+.0658x +0.001650x 2 3.98 38.7
BBL-lever orientation BBL=41.14 - 491 6.8
0.04083x+0.000976x s
TBLP-lever distance TBL=60.13 - 11.79 306
0.4210xL +.004890xL 2
TBL-torso angle TBL=47.96+.6270x -0.00420x 2 981 52.0
TBL- lever orientation TBL=53.11+.0051x+0.01057xp2 13.05 151
Brachioradialis- lever distance Brachioradi- 25.41 26
alis=89.46+.0796xL +.000036xL
Brachioradialis-torso angle Brachioradi- 15.35 64.5
alis=72.16+.470x +0.00992x 2
Brachioradialis-lever orientation Brachioradialis=106.7 - 0.0318xy 23.11 194
—0.02177xy2
PDT-lever distance PDT=72.00 - 19.27 9.6
0.4517xL.+.004103xL 2
PDT-torso angle PDT=50.51+.863x -0.00571x 2 1443 49.3
PDT-lever orientation PDT=59.58 - 0.2776xy 17.48 25.6
—0.01155xy2
3BBL: biceps brachii long head.
bTBL: triceps brachii long head.
°PDT: posterior deltoid.
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Main Effectson MVC muscle group are summarized in Table 9 and visualized in the
The main effects of the 3 ergonomic factors on MV C for each  Man effect plots (Figure 12).

Table. Main effects on maximum voluntary contraction values for factor A, B, and C.

Muscle Level 0° (straight) Level 30° (inclined) Level 45° (highly inclined)
Factor A: torso angle ()

BBL?A 38.46 41.93 4478

TBLP 47.96 62.91 67.49

Brachioradialis 72.16 95.20 11341

PDTC 50.51 71.25 77.77
Muscle Level 0 mm (farthest) Level 50 mm (neutral) Level 100 mm (closest)

Factor B: lever distance (L)

BBL 42.14 40.47 42.57
TBL 60.13 51.30 66.93
Brachioradialis 89.46 93.53 97.78
PDT 72.00 59.67 67.86
Muscle Level —30° (pronation) Level 0° (neutral) Level 30° (supination)

Factor C: lever orientation ()

BBL 43.24 41.14 40.79
TBL 62.47 53.11 62.78
Brachioradialis 88.01 106.65 86.11
PDT 78.30 59.58 61.65

3BBL: biceps brachii long head.
bTBL: triceps brachii long head.
°PDT: posterior deltoid.
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Figure 12. Main effect plot derived from the mean of maximum voluntary contraction (MVC) values with respect to ergonomic factors for MV C of
biceps brachii long head (BBL), triceps brachii long head (TBL), brachioradialis, and posterior deltoid (PDT) changes with change in torso angle (A),

lever distance (L), and lever orientation angle (). BBL: biceps brachii long
triceps brachii long head.
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For torso angle (A), MV C increased with inclination across all
muscles, including BBL from 38.46 to 44.78, TBL from 47.96
to 67.49, brachioradialis from 72.16 to 113.41, and PDT from
50.51 to 77.77, with a straight torso (0°) yielding the lowest
strain across all muscles, particularly brachioradialis. For lever
distance (L), BBL remained relatively stable (40.47 - 42.57,
lowest at 50 mm), TBL was optimized at 51.30 (50 mm),
brachioradialisrosefrom 89.46 to 97.78 with decreasing L, and
PDT was lowest at 59.67 (50 mm). For lever orientation (),
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BBL dlightly favored 30° (40.79); TBL and PDT were
minimized a 0° (53.11 and 59.58, respectively); and
brachioradialis peaked at 0° (106.65) but dropped to 86.11 at
30°.

I nteraction Effects

Interaction effects (AB: AxL; AC: Axy; BC: Lxy) were
computed by averaging MVC values across paired factor

combinations. These interactions are visualized in line plots
(Figure 13) and heatmaps (Figure 14).
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Figure 13. Interaction plot between ergonomics factors lever distance, torso angle, and lever orientation for biceps brachii long head (BBL), triceps
brachii long head (TBL), brachioradialis, and posterior deltoid (PDT). BBL: biceps brachii long head; MV C: maximum voluntary contraction; PDT:

posterior deltoid; TBL.: triceps brachii long head.
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Figure 14. Interaction heat map between ergonomics factors lever distance, torso angle, and lever orientation for biceps brachii long head (BBL),
triceps brachii long head (TBL), brachioradialis, and posterior deltoid (PDT). BBL: biceps brachii long head; MV C: maximum voluntary contraction;
PDT: posterior deltoid; TBL: triceps brachii long head.
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For the AB interaction (Torso angle xLever distance), forward
lean (A=45°) combined with long lever distance (L>50 mm)
produced elevated effort in BBL and TBL, with lines crossing
in Figure 13 and heatmaps showing high-strain zones. Upright
posture (A=0°) at L=50 mm maintained low effort levels.

For the AC interaction (Torso angle xLever orientation),
supination ( =+30°) combined with A=0° reduced effort for
brachioradialis and PDT, while pronation () = —30°) at A=45°
increased effort, shown by crossing lines and heatmap contrasts.
TBL was less affected by this interaction.
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For the BC interaction (Lever distance xLever orientation), L
= 50 mm with ¢ =+30° minimized brachioradialis and PDT
strain, while along lever distance with Y = —30° maximized
strain. TBL effort increased with pronation (see Figure 14).
Design Space Optimization

The design space heatmaps (Figure 15) and their associated 3D
surface plots (Figure 16) delineated the ergonomic design space.
For the AB interaction (AxL), heatmaps revealed BBL (MVC
38 - 50) and PDT (50-95) with high strain at A=45°, L=100
mm, and low strain a A=0°, L=0 mm. The 3D surface plot

peaked at 80 MV C where A=45° and L=100 mm and dipped to
50 MV C at A=0° and L=0 mm as shown in Figure 16A.
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Figure 15. Design space heatmaps for ergonomic factorstorso angle (A) or A, lever distance (L) or B, and lever orientation (W) interacting in AB, AC,
and BC configurations. BBL: biceps brachii long head; MV C: maximum voluntary contraction; PDT: posterior deltoid; TBL: triceps brachii long head.
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Figure 16. Design space for different ergonomic factors (A) torso angle (A) and lever distance (L), (B) torso angle () and lever orientation (¥), and
(C) lever distance (L) and lever orientation (V). BBL: biceps brachii long head; MV C: maximum voluntary contraction; PDT: posterior deltoid; TBL:
triceps brachii long head.
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For the AC interaction (A x (), BBL minimized strain at A=0°, optimized at L=50 mm, y=30°, and PDT at L=50 mm, y=0°.
Y=30° (supination), and PDT at A=0°, Y=0°, with high strain  The 3D plot peaked at 80 MVC for L=100 mm, y=-30° and
at A=45° and P=-30°. The 3D plot roseto 75 MVC at A=45°, reached approximately 50 MV C near L=50 mm, )=0°-30°, as
Y=-30° and fell to 50 MV C across A=0° and P=0°-30° as shown in Figure 16C.

shown in Figure 16B. For the BC interaction (L x ), BBL was
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Collectively, strain exceeded 75 MV C at extreme configurations
(eg, A=45°, L=100 mm, y=-30°) and dropped to approximately
50MV C at optimal settings (eg, A=0°, L=0 - 50 mm, {)=0°-30°).

Vermaet al

Optimal Design Parameters

Optimal settings for minimizing individual muscle activity are
shown in Table 10. These preferences vary by muscle but
consistently favor a straight torso.

Table . Optimum levels for minimum muscle activity for al 4 muscle groups.

Muscle Torso angle (A) Lever distance (L) Lever orientation ()
BBL? 0° (Straight) 50 mm (Neutral) 30° (Supination)
TBLP 0° (Straight) 50 mm (Neutral) 0° (Neutral)
Brachioradiais 0° (Straight) 0 mm (Farthest) 30° (Supination)
PDTC 0° (Straight) 50 mm (Neutral) 0° (Neutral)

3BBL: biceps brachii long head.

brBL: triceps brachii long head.

°PDT: posterior deltoid.

Averaging across all muscles for a generalized design, the

overall ergonomic recommendation is presented in Table 11

along with optimal wheelchair design parametersin Table 12.

Table. Overall ergonomic recommendation (averaged across muscles).
Parameter Optimal setting
Torso angle () 0.0° (Straight)

Lever distance (L)

Lever orientation ()

37.5 mm (Between farthest and neutral)

15.0° (Between neutral and supination)

Table. Optimal wheelchair design parameters.

Muscle Torso angle Lever distance Lever orientation  Torso angle Lever distance Lever orientation
(in degrees) (mm) (in degrees)

BBL? 0 50 30 Straight Neutral Supination
TBLP 0 50 0 Straight Neutral Neutral
Brachioradiais 0 0 30 Straight Farthest from lever  Supination

PDTC 0 50 0 Straight Neutral Neutral

Overdl 0 375 15 Straight Between farthest ~ Between Neutral

and neutral and Supination

3BBL: biceps brachii long head.
braL: triceps brachii long head.
°PDT: posterior deltoid.

Discussion

Summary of Key Findings

This study systematically evaluated the ergonomic factors
influencing muscle activity and user comfort in astair-climbing
wheelchair design through a dual-methodology approach. In
Part A, the plane surface movement study reveal ed that the ramp
and sharp 90° turn were the most challenging tasks, directly
attributable to the wheelchair’s weight and large dimensions.
In Part B, the SEMG analysis demonstrated that a straight torso
(A=0°) consistently minimized muscle strain across all four
muscle groups, with an overall ergonomic recommendation of
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A=0°, L=37.5 mm, and =15° to balance strain reduction across
all muscles.

Design Implications of the Plane Surface M ovement
Study

The lack of statistical correlation between task difficulty and
anthropometric dimensions ( P=.04) confirmsthat any difficulty
in performing atask can be directly associated with wheelchair
design variables, which is the primary goal of this ergonomic
assessment. Theincrease in time and effort at the ramp (R) can
be directly correlated with the wheelchair weight increase due
to the stair-climbing apparatus installed along with the
plane-surface wheelchair. A significant amount of deadweight
(net weight of 65 kg) is carried along when the plane surface

JMIR Rehabil Assist Technol 2026 | vol. 13 | €78965 | p.167
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

mode is active. The next iteration in design will require a
detailed study of strength of material sto remove as much weight
as possible without compromising strength and durability.

Similarly, the sharp 90° turn (T1) required extreme
maneuverability skills at the user’s side. The calculated turning
distance for a 90° turn of approximately 1450 mm is a direct
consequence of the overall length and width of the wheelchair,
which plays a critical role in maneuverability and steering
experience. The form factor must be reduced not only for
addressing the sharp turn problem but also for movement
through narrow spaces (Task N), which also took significant
time athough it had a contradictorily favorable subjective
response.

The low comfort scores, particularly during plane surface
movement, were attributed to the slightly tilted seat design that,
while helping maintain the wheelchair user’s center of gravity
away from the descent direction during stair-climbing, causes
considerable discomfort during plane surface movement. These
findings highlight the inherent design tension between
stair-climbing functionality and plane surface comfort,
suggesting that future designs should incorporate a more
dynamic seat tilt adjustment mechanism. Importantly, any design
changes inferred from the plane surface movement study must
not compromise the primary stair-climbing function.

Interpretation of SEM G Findings and Rationale for
Optimal Parameters

Theoptimal design parameters (A=0°, L=37.5 mm, and {)=15°)
were systematically determined through Taguchi design of
experiments analysis, representing a carefully considered
balance of biomechanical efficiency, user comfort, and practical
manufacturability.

Torso angle (A=0°): the neutral torso position minimizes
shoulder abduction and maintains a natural arm movement
trgjectory, reducing rotator cuff stress. The straight torso position
showed significant reduction in brachioradialis activation
compared to forward-leaning postures (A=15°, 30°), indicating
lower muscular effort. Thisfinding aignswith previousresearch
on wheelchair propulsion biomechanics showing that neutral
spine positioning reduces cumulative shoul der joint loading and
decreasestherisk of overuseinjuries. Astorso angleincreases,
muscle effort rises across the forearm (brachioradialis), arm
(BBL and TBL), and shoulder (PDT) groups due to anterior
torso displacement. The prototype's backrest design mitigates
fatigue, with the 0° posture proving optima during
stair-climbing compared to forward-leaning positions.

Lever distance (L=37.5 mm): this distance provides optimal
mechanical advantage while maintaining comfortable reach,
derived from anthropometric data analysis and biomechanical
modeling. Shorter distances resulted in cramped postures and
increased BBL activation, while longer distances showed
increased PDT activation, suggesting compensation through
shoulder muscles. The 37.5 mm distance representsthe optimal
compromise minimizing total muscular activation across all
monitored muscle groups. Prior literature suggeststhat extreme
upper limb reaches elevate MSD risk, a hypothesis confirmed
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by these results: muscle effort increased with greater L for most
muscles.

Lever orientation ( = 15°): this dlight supination optimizes
weight distribution, provides postural support, and maintains
shoulder joint alignment. The brachioradialis, BBL, and PDT
exhibited the lowest effort at +30° (supination), while TBL
effort peaked during the pronation-to-supination transition due
to flexion demands. An outward lever orientation consistently
reduces muscle activity, lowering fatigue and MSD risk. The
15° angle balances stair-climbing stability requirements with
plane surface comfort; neutral seating (0°) showed marginally
lower muscle activation but compromised stability during
stair-climbing, while greater supination angles (30°) increased
discomfort during prolonged sitting and reduced forward reach
capability.

The interaction effects, visualized through heatmaps and 3D
surface plots, underscored the interdependence of thesefactors.
The interaction plots helped identify critical regions where the
combined effects of ergonomic factors diverge, aidingin making
informed decisions about the physical dimensions of the
wheelchair. For instance, the AB interaction plot showed that
forward lean (A=45°) combined with long lever distance (>50
mm) should be avoided asit spikeseffort, while upright posture
a L=50 mm keeps effort low. The consistency between
heatmaps and 3D surfaces highlights an ergonomic sweet spot
that reduces muscle effort and fatigue, offering clear guidance
for refining wheelchair design to enhance user comfort and
efficiency during stair-climbing tasks.

The modular design architecture permits adjustment of all 3
parametersto accommodate userswith different anthropometric
characteristics, strength  capabilities, and functional
requirements. Individual optimization may be necessary for
users at anthropometric extremes or with specific upper
extremity limitations.

Weight Reduction Feasibility and Future Design
Strategies

This prototype weight of 65 kg represents a significant barrier
to usability, particularly for flat surface maneuverability and
transportation. This weight is substantially higher than
conventional manual wheelchairs (15 - 25 kg) and constitutes
a primary design limitation requiring immediate attention.
Weight reduction strategies under investigation include the
following:

1. Materia substitution: replacing steel frame components
with aerospace-grade aluminum alloys (estimated 8 - 12
kg reduction) and carbon fiber composites for
non— oad-bearing elements (estimated 3 - 5 kg reduction).

2. Mechanism optimization: redesigning the transformation
mechanism to eiminate redundant components and
implementing topology optimization for load-bearing
structures (estimated 4 - 6 kg reduction).

3. Component integration: combining multiple discrete parts
into unified assembliesto reduce fastener count and material
overlap (estimated 2 - 3 kg reduction).

Preliminary engineering analysis suggests a redlistic target
weight of 45 - 50 kg is achievable through these combined
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strategies, representing a23% - 31% reduction. Thisimproved
weight would significantly enhance maneuverability while
maintaining structural integrity for stair-climbing operations.
Cost-benefit analysis and finite element modeling are ongoing
to validate these approaches prior to next-generation prototype
development.

Safety Systems, Descending M echanism, and
Wheelchair Adjustability

While this manuscript focuses on ergonomic assessment during
upward stair-climbing and plane surface movement, the
wheelchair incorporates comprehensive safety and functional
systems essential for complete operational capability:

1. Descending mechanism: stair descent uses a controlled
ratchet-and-pawl braking system integrated with the
stair-climbing whedl assembly. The mechanism permits
incremental wheel rotation (step-by-step descent) while
preventing uncontrolled backward movement.
User-activated brake levers provide variable descent speed
control (range: 1 - 4 steps per minute). Antitip sensors
provide auditory feedback when the center of gravity
approaches the instability threshold.

2. Braking systems: dual independent braking systems ensure
redundancy and safety. Primary system lever-operated disc
brakes on plane-surface wheels providing immediate
stopping capability. Secondary system electromagnetic
parking brakes preventing rollback during stationary
periods. Emergency brake activation requires <1.5-second
responsetimefrom full speed, meeting saf ety standardsfor
powered mobility devices.

3. Adjustability features: the modular design permits extensive
customization, including seat height adjustment (400 - 550
mm from ground, 50 mm increments), backrest angle
adjustment (0 - 30° recline, 5° increments), footrest height
and angle adjustment, lever position adjustment (radial
distance 300 - 500 mm, angular position +£30°), and seat
width adjustment (400 - 500 mm) to accommodate different
pelvic widths. All adjustments use tool-free quick-release
mechanisms for rapid configuration changes.

Comprehensive documentation of these systems, including
mechanical specifications, safety testing protocols, and user
operating procedures, will be presented in subsequent
publications focused specifically on mechanical design and
safety validation.

Strengths and Limitations

This study has severa strengths. It represents one of the first
pilot studies to integrate surface electromyography with
subjective usability assessment for a stair-climbing wheelchair,
providing both user-perceived comfort data and objective
biomechanical evidence. The Taguchi-based experimental
design efficiently identified optimal ergonomic parameterswhile
minimizing the number of experimental runs. The inclusion of
participantswith paraplegia, though limited in number, provided
critical real-world user validation.

However, several limitations must be acknowledged. The
relatively small sample size (n=9 for plane surface movement,
including 2 participants with paraplegia; n=7 for SEMG study)

https://rehab.jmir.org/2026/1/€78965

Vermaet al

is appropriate for this pilot investigation but limits
generalizability. Future studies should include larger, more
diverse participant groups, including various disability types,
severity levels, and demographic characteristics, to establish
comprehensive design guidelines.

A significant limitation istheinclusion of only male participants
in the anthropometric survey. Female and gender-diverse
individuals have different anthropometric characteristics, muscle
strength distributions, and ergonomic requirements[36]. Studies
have shown that female wheelchair users often experience
different pressure distribution patterns, grip strength capabilities,
and shoulder biomechanics during propulsion [37]. Future
iterations should conduct separate anthropometric studies for
different gender groups to ensure optimal comfort, safety, and
usability for all users. Additionally, consideration must be given
to pregnancy-rel ated ergonomic requirements, hormone-rel ated
strength variations, and gender-specific injury risk factors that
may influence long-term wheelchair use patterns.

The controlled experimental environment, while necessary for
thisinitial validation study, limitsecological validity. Real-world
wheelchair use involves additional challengesincluding uneven
terrain, weather conditions, unpredictable obstacles, crowded
spaces, and cognitive demands from environmental distractions
[38]. Future research should include (1) field testing in actual
urban environments under naturalistic conditions; (2) long-term
usability studies capturing daily use patterns and cumulative
physical demands; (3) assessment under various weather and
lighting conditions to eval uate all-season functionality; and (4)
evaluation of cognitiveload during real-world navigation tasks,
including wayfinding, obstacle avoidance, and multitasking
demands typical of community mobility. Long-term usability,
durability, and cumulative physical effects require extended
longitudinal studies beyond the scope of this pilot investigation,
such as the impact of materials for backrest, seat, and lever
handle [39-41].

Conclusion

This research provides critical design feedback for the
stair-climbing wheelchair. Following a generic product design
and development philosophy, the goal was to identify design
variables influenced by usability testing. The most basic
ergonomic assessment of a wheelchair that is, its reach and
clearance, has been established through a detailed
anthropometric survey of 20 participants with 5th and 95th
percentile data guiding design dimensions.

The plane surface movement study demonstrated that the ramp
and sharp 90° turn were the most challenging tasks, attributed
to thewheelchair’s 65 kg weight and large dimensions requiring
approximately 1450 mm for a 90° turn. Subjective feedback
indicated low satisfaction, particularly for comfort, due to the
tilted seat design. These findings highlight the need for design
improvements, including weight reduction, a more compact
form factor, and seat tilt adjustments, al while preserving
stair-climbing functionality.

The lever-propulsion sEMG study systematically evaluated
three ergonomic factors. Key findings indicate that a straight
torso (0°) consistently minimizes strain, particularly for
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brachioradialis. A neutral lever distance (approximately 50 mm)
reduced effort for most muscles, while neutral to slightly
supinated orientations (0°-30°) generally optimized performance.
Interaction effects guided an overall ergonomic recommendation
of A=0°, L=37.5 mm, and Q=15°. These settings offer a

Vermaet al

enhancing user comfort. The modular wheelchair design permits
customization for diverse user populations, and future research
should include larger, gender-diverse participant groups and
real-world validation studies, strengthening the foundation for
ergonomic wheelchair optimization.

balanced, practical solution for minimizing fatigue and
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Abstract

Background: Foodsare not only masticated and swallowed but they also influence the choice of utensilsand their use. Comparing
the contexts in which different utensils are used with each food form could help in the assessment of individuals experiencing
eating difficultiesin the food culture unique to East Asian countries.

Objective: Considering East Asian rehabilitation practices, in this study, we evaluated upper body movements involved in
eating pickles (solid food) and yogurt (semisolid food) using chopsticks and a spoon, respectively.

Methods: Upper body kinematics, including joint and hand spatiotemporal parameters, were quantified using a 3D inertial
motion-capturing system and analyzed in healthy males (n=22; mean age 27.9, SD 5.5 years) and females (n=21; mean age 26.9,
SD 4.7 years) across 4 feeding phases (reaching, picking it up, transporting, and inserting food into the mouth) by comparing
utensils for eating respective food forms using the Wilcoxon signed rank test.

Results. Both sexes showed smaller maximum shoulder flexion angles with chopsticks for eating solid food across all phases
(Males: reaching phase, P<.001; picking foods up phase, P=.04; transport phase, P<.001; and mouth phase, P<.001. Females:
reaching phase, P<.001; picking foods up phase, P=.007; transport phase, P<.001; and mouth phase, P<.001.). Elbow, forearm,
and wrist ulnar deviation angle changes were smaller using chopsticks during the “picking up” phase (in both sexes, P<.001)
compared with using a spoon. However, greater elbow joint angle changes were found during the “reaching” phase (males,
P=.002; females, P=.03) and greater forearm angle changes were found during the “transporting” phase (males, P=.01; females,
P=.001) with chopsticks than with spoons. Regarding hand spatiotemporal parameters, the chopstick condition involved shorter
actual distances (males, P<.001; females, P<.001), lower distance efficiency (males, P=.04; females, P=.001), and slower speed
(males, P=.001; females, P<.001) during food transport.

Conclusions: Thejoint angle and hand spatiotemporal parameter characteristics observed during chopstick use for eating solid
foods and spoon use for eating semisolid foods in healthy individuals could serve as reference movements in individuals with
sensorimotor dysfunctions and inform the selection of adaptive utensilsin rehabilitation practice.

(JMIR Rehabil Assist Technol 2026;13:€76239) doi:10.2196/76239

KEYWORDS
activities of daily living; biomechanical phenomena; neck; torso; upper extremity

Introduction

In East Asian countries, such as China, Korea, and Japan,
chopsticksare primarily used to take food into the mouth during
meals. Thisutensil serves multiplefunctions, including picking
up solid foods, cutting them into managesable pieces, and
securely holding them while bringing them to the mouth. Due
to their versatile functions, chopsticks have become an integral
part of the food customs of these regions. To compensate for
the difficulty in handling semisolid foods, a spoon is typically

https://rehab.jmir.org/2026/1/€76239

used. Thus, chopsticks and a spoon are commonly paired with
solid and semisolid foods, respectively. Furthermore, since
people in Japan have the habit of consuming soup by bringing
the bowl to their mouths instead of using spoons, Japanese
people more often use chopsticks than do people in other
countries.

When patients undergo eating activity rehabilitation, selection
of appropriate feeding utensilsis essential. Patients, including
those recovering from strokes, often use a spoon for its
adaptability to foods that are transferred to the mouth,
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masticated, and then swallowed. Semisolid foods, regulated for
viscosity, are commonly recommended for individuals with
dysphagia [1], making the spoon a preferred adaptive device.
Chopsticks are not routinely selected due to the difficulty in
using them for semisolid foods. As the oral and swallowing
abilities improve, patients transition from using spoons for
semisolid foods to using chopsticks for solid foods. The food
custom in East Asian countries is also focused on the use of
chopsticksfor eating solid foods, which facilitates the prospect
of dining together and improving well-being. However,
sensorimotor dysfunctions can impair the ability to perform
feeding movements involving chopsticks and spoons. For
instance, patients with right hemiparesis can use chopsticks or
aspoon only with their dominant right hand if their impairment
is mild [2]. Therefore, the selection of chopsticks or a spoon
depends on patients’ ability to transfer, masticate, and swallow
foods, aswell as their limb function for manipulating utensils.

Daily movements and postures can be assessed to determine
whether patients encounter difficulties performing tasks.
Moreover, in the context of rehabilitation practice, assessments
are needed to facilitate normal or compensatory movements or
to change utensils used by patients while eating [3].
Understanding typical movements and postures when using
feeding utensils aidsin these assessments. Previous studies have
separately reported differences in upper body joint motions
across feeding phases during the normal use of chopsticks [4]
and spoons [5]. A comparative study on normal upper limb
kinematics has shown greater joint motion during spoon use
than that during chopstick use when eating pickles, acommon
form of solid food [6]. However, a study investigating
performance while using eating utensils reported that spoon use
for noodle strips and tofu cubes prolonged eating time or led to
failure to properly manipulate foods [7], suggesting that the
choice of utensils should match food type.

In another aspect, proximal body movements, including the
neck and trunk joint angles, tilting and rotation angles, or
transfer distances, occur during eating [4,5,8-10] and tend to
increase when foods are prone to be dropped [8,11]. The
movements and postures of these proximal segments are
important as normal functions in relation to preventing food
dropping and form the basis for fine upper limb function. A
recent study that simulated eating movementsfor fictitiousfoods
using utensils demonstrated larger neck joint motion with a
spoon than with chopsticks; however, trunk flexion angleswere
comparabl e between utensils[12]. Thesefindings perhapsimply
that using a spoon requires compensatory neck joint motion for
preventing food drop and trunk stability for maintaining upper
extremity functions. Using chopsticks, conversely, may not
need neck compensation and may need trunk stability as when
using a spoon. However, the actual movement and positioning
of the upper body, including the neck and trunk, during solid
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food intake with chopsticks, compared with those during
semisolid food intake with a spoon, remain unclear.

In addition to joint parameters, spatiotemporal parameters are
valuablefor assessing upper limb motions[13,14]. Considering
the importance of rehabilitation practice in East Asia,
understanding the normal kinematics of chopstick use while
eating solid foods and spoon use while eating semisolid foods
not only expands knowledge about the utensils or food forms
inisolation but isalso crucial, yet currently lacking. Therefore,
a comparative study of these 2 food type and utensil type
conditionsiswarranted in clinical settings, as previousresearch
found significant head motion differences in the conditions of
eating food forms with these respective utensils [8]. This
previous study design is thought to be validated for assessing
patients with eating difficulties such as swallowing function
deficit with upper limb paresisin the recovery process.

In this study, we aimed to identify the characteristics of joint
motions and spatiotempora parameters during eating solid foods
with chopsticks and semisolid foods with aspoon acrossfeeding
phases. We hypothesized that upper body joint motions for
chopstick use for solid food intake could be reduced compared
with those for spoon use for semisolid food intake across all
feeding phases; however, the time required may be similar. We
also hypothesized that the distance traveled by the hand,
particularly during the reaching movements, could be greater
when using chopsticks than when using a spoon. Additional
parameters, such as speed, could provide further insights into
kinematics during clinical observations. Consequently, in this
study, we investigated the characteristics of upper body joint
angles and hand spatiotemporal parameters across all feeding
phases by comparing the use of chopsticksfor eating solid foods
and of a spoon for eating semisolid foods in healthy adults.

Methods

Participants

Between April 2013 and October 2017, 50 members of our
institution participated per the inclusion criteria. The criteria
were age 20 - 39 years, right-hand dominance, and no
neurological or musculoskeletal disorders. Individuals with
left-hand dominance for using chopsticks or a spoon were
excluded.

Eating Items and Tasks

Eating solid foods with chopsticks was performed using wooden
chopsticks (22.5 centimeters in length, 8 gramsin weight) and
small Japanese pickled vegetables (Figure 1A). Eating semisolid
foods with a spoon was performed using a stainless steel spoon
(17.5 centimeters in length, 41 grams in weight) and yogurt
(Figure 1B).
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Figure 1. Eating items for 2 conditions. (A) Chopstick condition: small Japanese pickled vegetables in a bowl and wooden chopsticks. (B) Spoon

condition: yogurt in the bowl and a stainless steel spoon.

The participants sat on a stool 40 centimetersin height, facing
atable adjusted to their elbow height. The food bowl was placed
in front of them at the same distance of the tip of the extended
finger when their shoulder joint was in a neutral position and
their elbow flexed at 90°. Neck and trunk movements were not
constrained. The participants were asked to eat the foods using
utensils held in their right hand while their left hand rested on
their left thigh. They were instructed to eat at a comfortable

https://rehab.jmir.org/2026/1/€76239
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pace and perform the movements sequentialy 3 times. This
frequency was to prevent fatigue and a full stomach. Based on
the assumption that natural daily feeding movements comprise
the cycle of chopsticks or a spoon traveling to and from the
bowl and the mouth, starting and ending postures were not
predefined to capture these natural cyclic daily movement data.
The initial measurement positionisillustrated in Figure 2.
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Figure 2. Initia position for measurements during eating tasks using utensils with the dominant right hand while the left hand rests on the left thigh.
Illustrated is an example of the task of eating pickles with chopsticks or yogurt with a spoon. The participant is shown wearing a suit, grooves, and a

headband, all containing inertial sensors.

M easurement Instruments and Data Processing

Kinematic data at a frequency of 120 Hz were obtained using
a 3D motion analysis system based on 17 inertial sensor units

https://rehab.jmir.org/2026/1/€76239

(Xsens MVN system, Xsens Technologies BV). Validation
studiesfor this system have been previously conducted [15-19].
The inertial sensors were attached to participant body parts
using a Lycrasuit, gloves, and a headband and were confirmed
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not to shift on the body surface or interfere with utensils and
movements during feeding. The present tasks and measurements
were valid; however, they might not be confirmed as sensor
dlipping or skin artifacts and interference with objects or bodies
are recognized sources of error that could compromise the
accuracy of joint angle and position data. The biomechanical
model of the system consisted of 23 body parts, including the
head, neck, 6 vertebrae, pelvis, scapul ag, upper arms, forearms,
hands, thighs, tibiae, feet, and toes. Joint angleswere cal cul ated
based on the positions and orientations of the body parts. The
neutral joint angle position of the model corresponded to a
standing posture with the upper limbs alongside the trunk, the
facedirected forward, feet parallel at adistance of 1-foot width,
and palms facing forward.

When the participants ate the food 3 times sequentially, there
were 2 eating cycles. One success cycle of these 2 eating cycles
(or thefirst cycleif both were successful) in each condition was
selected for each participant for analysis. The eating cycle was
defined astheinterval between the moment after the utensil left
the mouth and the moment immediately before it next left the
mouth. This was confirmed using synchronized video
recordings. To simplify the analysis, failure cycles involving
the following were excluded: excessive upper limb elevation

https://rehab.jmir.org/2026/1/€76239

Nakatake et al

during food transport, looking away from the bowl or food,
extraneous head movements, separating food, or taking more
than 1 scoop of yogurt. Considering performing analysis and
maintaining sample size, we decided to focus on analyzing 1
successful eating cycle, which was defined as a natural attempt
of daily movements, of 2 cycles regarding each condition in
each participant, excluding failed cycles that sometimes were
observed.

Pauses during the reaching phase (observed in 84% of chopstick
tasks and 65% of spoon tasksin thefinal analysis) and attempts
to pick up the pickles more than once (28%) were frequently
observed but not excluded from the analysis. Only participants
with complete task data were included in the final analysis.

One eating cycle was divided into the following four phases:
(2) reaching phase—from the moment the utensil Ieft the mouth
to the point of reaching the food, (2) table phase—picking up
or scooping the food, (3) transporting phase—moving the food
to the mouth, and (4) mouth phase—inserting the food into the
mouth (Figure 3). These phases were defined because upper
body joint motions differ during each feeding phase when using
a spoon [5], which was expected to apply to chopstick use as
well.
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Figure 3. One eating cycle contains 4 phases. The arrows indicate the order of eating phase. The reaching phase is when the utensils move from the
mouth to the food. The table phase is when the food is picked up or spooned up. The transporting phase is when the food moves from the bow! on the

table to the mouth. The mouth phase is when the utensils are in the mouth.

1. Reaching
phase

2. Table phase

4. Mouth phase

3. Transporting
phase

Joint kinematic data from the biomechanica model were
analyzed, including right shoulder flexion, abduction, and
internal rotation; right elbow flexion and pronation; right wrist
dorsiflexion and ulnar deviation (pamar flexion and radial
deviation in the model); neck flexion, right lateral flexion, and
right rotation (left rotation in the model); and right hip flexion.
These joint kinematics were summarized as the maximum and
minimum joint angles and ranges of angle change in each
feeding phase. Movement time(s) was calculated in all phases.

The right-hand spatiotemporal parameters during the
transporting phaseincluded the actua distancetraveled (meters),
relative distance traveled, and maximum velocity (meters per
second). The timing of maximum velocity (%) was calculated
as motor control strategy metrics. The number of movement
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units was used to measure hand movement smoothness. The
origin point for the right hand was defined as the midpoint
between the styloid processes. A movement unit was defined
as the difference between a local minimum and the next
maximum velocity value that exceeded an amplitude limit of
20 millimeters per second, with a minimum interval of 150
milliseconds between peaks. This parameter was adapted from
a task originaly defined for drinking motions [20]. Most
spatiotemporal parameters were limited to the transporting
phase, as the start and end points of the reaching movement
were clearly defined and undisturbed. Movements during the
reaching phase showed frequent disruptions, and those during
thetable and mouth phaseswere not reaching movements. These
hand spatiotemporal parameters could not be interpreted
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according to the common concept of reaching movement
parameters [13,14] and, consequently, were excluded from
analysis.

Data Analysis

All metrics were analyzed separately for each sex because of
known differences in daily movements [8,9,21-24] and fit to
clinical assessments practicaly. The data are displayed as
medians with IQRs. Since the study design compared
movements between eating solid foods with chopsticks and
semisolid foods with a spoon, these 2 task conditions were
compared using the Wilcoxon signed rank test using IBM SPSS
for Windows (version 27.0; IBM Corp), with a significance
level of P<.05. Effect sizes (r) were calculated and categorized
as small (]0.3]), medium (|0.5]), or large (|0.6]) [25].

Ethical Considerations

The protocol for this cross-sectional study, including informed
consent using an opt-out method, was approved by the research
ethics committee of the Faculty of Medicine of the University
of Miyazaki (Miyazaki-shi, Japan; approval number O-1501).
Since the sample data were derived from past studies [4,5] and
participants could not be contacted directly, information related
to this study was published on the local ingtitutional website,
giving past participants the opportunity to opt out of the study
at any time. All participants provided written informed consent
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prior to participation in the previous studies[4,5]. The datawere
anonymized in both the previous and the present studies.

Results

Overview

Forty-three participants with 1 success cycle regarding each
condition have been selected, excluding 7 participants with 2
failed cycles regarding 1 of 2 conditions. The analyzed study
sampleincluded 22 male and 21 femal e participants. The mean
(SD) age and height of the male participants were 27.9 (5.5)
yearsand 172.0 (5.1) cm, respectively, whilethose of thefemale
participants were 26.9 (4.7) years and 158.0 (4.4) cm,
respectively.

Joint Angles During Feeding Phases

In male participants (Table 1), various maximum and minimum
joint angles, including shoulder flexion, abduction, and internal
rotation; wrist ulnar deviation; and neck right lateral flexion,
were lower when using chopsticks compared with when using
spoons across many feeding phases. Additionally, during the
reaching phase, the minimum wrist dorsiflexion angle with
chopsticks was smaller than that with the spoon. In contrast,
most elbow flexion and some neck right rotation angles were
greater with chopsticks than with the spoon.
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Table. Comparison of maximum and minimum joint angles between chopstick use for eating solid foods and spoon use for eating semisolid foods

during each feeding phase in male participants®.

Nakatake et al

Motiondi- Maximum joint angle (degrees) Minimum joint angle (degrees)
ti d
Irae}]cals(;n an Chopsticks, Spoon,me- zvaue P value r value Chopsticks, Spoon,me- zvalue P value r value
median dian (IQR) median dian (IQR)
(IQR) (IQR)
Shoulder
flexion
Re 23(21to  36(31to -3.945 <.001 -0.595 16 (13to  19(16to -3.1 .002 -0.467
30) 42) b 20) 2a)P
Ta 21(16to 23(19to  -2.029 .04 -0.306 19(14to0 22(19t0  -1.737 .08 -0.262
27) 31)b 26) 27)
Tr 25(19to0  36(31to -4.01 <.001 -0.605 18(15to0 23(19to -31 .002 -0.467
31) 45) P 24) 30)°
Mo 25(19to0  41(33to  -4.042 <.001 -0.609 23(17to 36(29to  -4.107 <.001 -0.619
32) 49) P 29) 44)°
Shoulder
abduction
Re 32(27to  38(33to  -3.685 <.001 -0.556 24(20to  28(22to  -2.808 .005 -0.423
38) 47) 29) 33)°
Ta 30(24t0  31(24t0  -1.737 .08 -0.262 30(24t0  30(23to0  -1.315 19 -0.198
35) 39) 34) 36)
Tr 32(27t0  37(32t0  -3.847 <.001 -0.58 28(24t0 31(24to  -1.672 .10 -0.252
40) 48)b 34) 39)
Mo 32(26to  38(33to  -3.847 <.001 -0.58 31(26to0  36(3lto  -3.912 <.001 -0.59
40) 48)° 39) 47)°
Shoulder
internal ro-
tation
Re 0(-6to8) 2(-1to -31 .002 -0.467 -12(-14 -7(-10to -3.36 .001 -0.507
15)° to-3) 4P
Ta -1(-6to 4(-1to -3.036 .002 -0.458 -4(-8to 1(-3to -2.646 .01 -0.399
11) 11)° 5 9P
Tr -3(-6to 4 (Oto 16)b -3.912 <.001 -0.59 -8(-10to 1(-5to -3.847 <.001 -0.58
8) 2) 8)°
Mo -5(-10to 6(-1to -3.977 <.001 -0.6 -8(-11to 1(-5to -4.074 <.001 -0.614
3) 15)° 1 13)°
Elbow flex-
ion
Re 125(117to 121(114to -3.36 .001 -0.507 97(88to  100(93to -1.51 A3 -0.228
132)° 129) 106) 109)
Ta 102(97to 105(98to -0.568 57 -0.086 99(89to  98(88to  -2.062 .04 -0.311
112) 114) 107)° 105)
Tr 126(118to 120(115to0 -3.393 .001 -0.512 101 (91to 99(84to  -2.451 .01 -0.37
133)° 129) 108)P 107)
Mo 131(120to 127(118to -3.295 .001 -0.497 125(115to0 119(113to -3.523 <.001 -0.531
136)° 133) 132)P 127)
Forearm
pronation
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Motiondi- Maximum joint angle (degrees) Minimum joint angle (degrees)
ti d
Irae}]cals(;n an Chopsticks, Spoon,me- zvaue P value r value Chopsticks, Spoon,me- zvalue P value r value
median dian (IQR) median dian (IQR)
(IQR) (IQR)
Re 90(83to0 99(86to  -1.607 A1 -0.242 26(18to0 34 (24to -2711 .007 -0.409
101) 110) 32) 39)b
Ta 90(80to 99(86to  -3.165 .002 -0.477 77(73to  75(55t0  -2.289 .02 -0.345
101) 108)° 89)° 83)
Tr 78(73to  74(55t0  -2.289 .02 -0.345 31(23to 32(23to0  -0.828 41 -0.125
88)b 83) 37) 38)
Mo 31(23to  34(25to0  -0.536 .59 -0.081 22(16t0  24(16to  -0.016 .99 -0.002
37) 39) 29) 32)
Wrist dor-
sal flexion
Re 26(22to0 29(21to  -0.243 .81 -0.037 13(2to 20(8to -2.289 .02 -0.345
43) 42) 24) 34)°
Ta 22(9to37) 28(16to  -1.217 22 -0.183 16(4t025) 21(12to  -1.542 A2 -0.232
38) 34)
Tr 26 (15t0 27 (18to  -0.243 .81 -0.037 19(7t030) 20(11to  —-0.925 .36 -0.139
36) 39) 31)
Mo 22(11to 23(11to  -0.016 .99 -0.002 20(9to30) 20(7to29) -0.146 .88 -0.022
33) 31)
Wrist ulnar
deviation
Re 5(-3to 11 (4to -3.587 <.001 -0.541 -7(-14t0 -5(-14t0 -1.347 .18 -0.203
10) 16)b 2) 5)
Ta 1(-5t09) + (3to 13)b -3.328 .001 -0.502 -2(-10to -4(-12to -0.86 .39 -0.13
7 5)
Tr 3(-3to 12(5to -3.977 <.001 -0.6 -1(-7to g (1to 12)b -3.782 <.001 -0.57
12) 16)b 5)
Mo 2(-4to 13(3to -4.074 <.001 -0.614 1(-5to8) 10(3to -4.042 <.001 -0.609
11 18)° 15)°
Neck flex-
ion
Re 27(22to  26(22to  -1.445 15 -0.218 19(14to 21(18to -1.25 21 -0.188
29) 28) 25) 26)
Ta 26(22to0 25(23to  -0.373 71 -0.056 25(21to  24(22to  -0.828 41 -0.125
30) 28) 29) 27)
Tr 25(21to0  25(22to  -0.601 .55 -0.091 21(18to 20(18to  -1.542 A2 -0.232
29) 27) 25) 25)
Mo 22(19t0 22(19to  —-0.73 47 -0.11 21(18to  18(17to  -1.899 .06 -0.286
26) 28) 24) 24)
Neck right
lateral flex-
ion
Re -1(-2to g3 @to 4)b -4.107 <.001 -0.619 -4(-5to0 -2(-4to -3.036 .002 -0.458
0) -3) 0P
Ta -3(-4to -2(-3to -3.036 .002 -0.458 -3(-5to0 -2(-4to -2.678 .007 -0.404
Tr -2(-3to  2(-1to -3.945 <.001 -0.595 -3(-4to -2(-3to  -3.393 .001 -0.512
-1) 3)° -3) 0)°
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Motiondi- Maximum joint angle (degrees) Minimum joint angle (degrees)
ti d
Irae}]cals(;n an Chopsticks, Spoon,me- zvaue P value r value Chopsticks, Spoon,me- zvalue P value r value
median dian (IQR) median dian (IQR)
(IQR) (IQR)
Mo -2(-3to0 4 @2to 5)b -4.107 <.001 -0.619 -3(-4to 2(-1to -3.977 <.001 -0.6
0) -1) 3P
Neck right
rotation
Re 4(2to 6)b 2(1to3) -3.263 .001 -0.492 0(-1to2) 0(-1to2) -0.211 .83 -0.032
Ta 1(0to2) 1(0to2) -0.016 .99 -0.002 1(-1t0o2) 1(-1tol) -0.179 .86 -0.027
Tr 4(1to 6)b 3(0to3) -3.165 .002 -0.477 1(-1t02) 1(-1to2) -0.146 .88 -0.022
Mo 5(3to 7)b 3(2to5)  -3.393 .001 -0.512 4(1to 5)b 2(0to3) -3.068 .002 -0.463
Hipflexion
Re 51(44to0 50(45t0 -0.73 A7 -0.11 43(37to0  44(38to  -0.016 .99 -0.002
57) 54) 51) 50)
Ta 44(38to0  46(38to  -0.341 .73 -0.051 44 37t0 45(38to  -0.373 71 -0.056
51) 51) 51) 51)
Tr 50(43to0 50(44to0  -0.763 45 -0.115 44 (38to  46(38to  -0.438 .66 -0.066
58) 54) 51) 51)
Mo 51(45t0 51(46to  -0.179 .86 -0.027 50(43to0 51(44to0  -0.308 .76 -0.046
58) 56) 56) 54)

2 Significant differences in each phase, as determined using the Wilcoxon signed rank test (P<.05), are shown as values in boldface. “r" denotes the
effect size. Each feeding phase shows the reaching phase as “Re,” the table phase as“ Ta,” the transporting phase as “Tr,” and the mouth phase as“Mo.”

bLarger values from comparisons between chopstick and spoon conditions.

Forearm pronation showed differing trends according to the
feeding phase. The minimum forearm pronation angle during
the reaching phase and maximum angle during the table phase
were smaller with chopsticks than with the spoon. Conversely,
the minimum angle during the table phase and maximum angle
during the transporting phase were larger with chopsticks. The
differences between utensils showed small to large effect sizes.
Neck and hip flexion anglesdid not differ significantly between
utensils.

In femal e participants (Table 2), all shoulder joint angles, nearly
all wrist dorsiflexion angles, and neck right lateral flexion angles
were smaller with chopsticks than with the spoon. In contrast,

https://rehab.jmir.org/2026/1/€76239

most elbow flexion angles were larger when using chopsticks.
Forearm pronation and wrist ulnar deviation angles varied
inconsistently across feeding phases. In half the forearm
pronation angles, chopsticks showed smaller values than did
the spoon. However, the minimum angle during the table phase
and maximum angle during the transporting phase were larger
in the chopstick condition. Minimum wrist ulnar deviation
angles during the reaching and table phases were larger with
chopsticks, while other angles were smaller. These differences
showed small to large effect sizes. Most neck flexion angles
and all neck right rotation and hip flexion angles were
comparable between chopsticks and spoons.
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Table. Comparison of maximum and minimum joint angles between chopstick use for eating solid foods and spoon use for eating semisolid foods
during each feeding phase in female participants®

Motiondi- Maximum joint angle (degrees) Minimum joint angle (degrees)
ti d
Irae}]cals(;n an Chopsticks, Spoon,me- zvaue P value r value Chopsticks, Spoon,me- zvalue P value r value
median dian (IQR) median dian (IQR)
(IQR) (IQR)
Shoulder flexion
Re 20(14to  37(31to  -4.015 <.001 -0.62 10(4to 10(6to —2.45 .01 -0.378
27) 4P 12) 22)°
Ta 14 (7to 15(10to  —2.6%94 .007 -0.416 14 (6to 13(7to —2.485 .01 -0.383
18) 25) 17) 23)P
Tr 21(12to  37(31to  -4.015 <.001 -0.62 13(6to 14 (9to —2.972 .003 -0.459
28) 44) b 17) 24)b
Mo 22(18to 40(37to  -4.015 <.001 -0.62 20(15to0  37(31to  -4.015 <.001 -0.62
31) 49)° 27) 4P
Shoulder abduction
Re 31(28to  37(32to  -3.98 <.001 -0.614 21(19to0 23(19to  -2.589 .01 -0.399
34) 45)° 24) 28)°
Ta 24 (22to  28(24to  -3.285 .001 -0.507 23(21to  28(23to  -3.319 .001 -0.512
28) 36)° 27) 33)P
Tr 30(27to  38(33to  -4.015 <.001 -0.62 24(21to  28(24to  -3.493 <.001 -0.539
35) a7b 28) 33)°
Mo 29(27to  39(32to  -3.98 <.001 -0.614 28(26to0  36(31to -3.945 <.001 -0.609
36) 48) b 32 45)b

Shoulder internal rotation

Re 3(0to8) 13(10to -3.98 <.001 -0.614 5(-810 - 5(ato7)P 3493 <.001 -0539
18)° 1)
Ta 3(0to8) 11(6to  -3.25 001 -0.501 1(2105) g(5t013P -3041 002 -0.469
15)°
r 3(0to6) 13(9to  -4.015 <.001 -0.62 -1(-5100) 7(2t012)P 3875 <.001 -0.598
17)°
Mo 4(-1to8) 15(10to  —4.015 <.001 -0.62 0(-3to5) 13(6to  —4.015 <.001 —0.62
21)P 15)°
Elbow flexion
Re 135(130to 128(120to0 -3.841 <.001 -0.593 106 (101to 103 (97to -0.504 61 -0.078
138) 134) 111) 112)
Ta 106 (104to 103 (97to —1.095 27 -0.169 103(97to 97 (0to  -3.041 002 -0.469
111) 112) 110)° 104)
Tr 134(125t0 128(122to —3.076 002 -0.475 104 (97to 97 (0to  -3.389 .001 -0523
137)° 131) 112)° 106)
Mo 138(131to 131(127to -3.041 002 -0.469 134(126to 127 (120to —3.736 <.001 -0576
141)° 137) 138)° 131)
Forearm pronation
Re 102(80to 109 (99to —2.763 .01 -0.426 17(12to  32(19to  -3.285 .001 —0.507
116) 123)° 43) 49)°
Ta 102(81to 111(99to -2.728 .01 —0421 93(68to  80(64to  —3.319 .001 —0512
119) 122)° 108)° 1)
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Motiondi- Maximum joint angle (degrees) Minimum joint angle (degrees)
ti d
Irae}]cals(;n an Chopsticks, Spoon,me- zvaue P value r value Chopsticks, Spoon,me- zvalue P value r value
median dian (IQR) median dian (IQR)
(IQR) (IQR)
Tr 93(68to 80(64to  -3.215 .001 —-0.496 26(16to0 29(18to  -0.122 .90 -0.019
107)° 91) 44) 45)
Mo 26(15to0 31(20to —2.346 .02 -0.362 17(10to 27 (11to  -1.199 .23 -0.185
41) 48)b 35) 40)
Wrist dorsal flexion
Re 22(15t0 34 (27to  -3.563 <.001 -0.55 9(-1to21) 20(14to -3.875 <.001 -0.598
37) 40)° 31)°
Ta 23(12to 31(21to -3.18 .001 -0.491 18(3to 23(15t0  —2.694 .007 -0.416
34) 37 25) 31)P
Tr 25(15to0 31(23to —2.381 .02 -0.367 17(7t030) 23(11to  -1.616 A1 -0.249
37) 39)b 31)
Mo 18(10to  25(15to0  -1.929 .054 -0.298 17 (7to 22(12to  —2.033 .04 -0.314
34) 33) 31) 31)b
Wrist ulnar deviation
Re 12(5to 14 (9to -2.381 .02 -0.367 4(-2to -1(-10to0  -3.319 .001 -0.512
17) 18)° 10)° 4)
Ta 10 (3to 10 (6to -1.964 .05 -0.303 6(0to 13)b -3(-11to0  -3.91 <.001 -0.603
15) 18)b 4)
Tr 12(5to 15(9to -3.424 .001 -0.528 9(1to13) 10(5to —2.346 .02 -0.362
15) 19)° 14)°
Mo 10 (6to 15(9to —-3.806 <.001 -0.587 9(5t013) 12(9to -3.597 <.001 —-0.555
16) 20)° 19)°
Neck flexion
Re 27(25to0  27(25to0  -1.199 .23 -0.185 19(10to  18(15to0  -0.678 498 -0.105
30) 29) 25) 23)
Ta 27(25to0  27(25to0  -0.33 74 -0.051 26(24t0  26(25to  -0.226 .82 -0.035
30) 29) 29) 28)
Tr 26(24t0  27(25to  -0.539 .59 -0.083 18(11to  17(12to  -1.929 .054 -0.298
29) 28) 24) 19)
Mo 20(11to 20(15to -0.678 .50 -0.105 18(9to 14(11to  —2.485 .01 -0.383
25) 22) 23)b 18)
Neck right lateral flexion
Re 2(2t03) g @to 6)b -3.736 <.001 -0.576 -2(-4t00) -1(-2to -2.52 .01 -0.389
0)P°
Ta ;)1 (Bto ¢ (-1to 2)b -2.242 .03 —0.346 —2(-3tol) -1(-2to0) -1.825 .07 -0.282
Tr 2(-1to3) 3 (1to 5)b -3.667 <.001 —0.566 -1(3to g (-1to 1)b -3.007 .003 -0.464
1
Mo 1(-1to3) 4 (3to 7)b -3.493 <.001 -0.539 1(2to3) » (1to 5)b -3.563 <.001 -0.55

Neck right rotation

Re 3(1to5) 3(1to5) —1.025 31 -0.158 0(2tol) 0(-2to0) -0.295 77 -0.046

Ta 1(-1tol) O0(-2tol) -0.017 .99 -0.003 0O(-1tol) O0(2tol) -0.226 0.82 -0.035

Tr 3(1to4) 3(2to4) —0.469 .64 -0.072 1(-1tol) O0(-2tol) -0.052 .96 —0.008

Mo 4(2t06) 5(2t0 6) -0.226 .82 -0.035 3(1to4) 3(0to4) —0.608 54 -0.094
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Motiondi- Maximum joint angle (degrees) Minimum joint angle (degrees)
ti d
Irae}]cals(;n an Chopsticks, Spoon,me- zvaue P value r value Chopsticks, Spoon,me- zvalue P value r value
median dian (IQR) median dian (IQR)
(IQR) (IQR)
Hip flexion
Re 52 (42to  52(42to  -1.095 27 -0.169 44 (38to  45(38to  —0.052 .96 —-0.008
60) 58) 53) 52)
Ta 45(39t0 45(38to  —0.956 34 -0.148 44 (38to  44(38to  -0.504 .61 -0.078
54) 53) 54) 52)
Tr 53(43to  49(42to  -1.025 31 -0.158 45(39to0 44(38to  -1.13 .26 -0.174
58) 57) 54) 53)
Mo 54(44to0 53(43to  -1.06 .29 -0.164 53(43to0  49(42to0 -1.616 A1 -0.249
60) 58) 58) 57)

agjgnificant differences in each phase, as determined using the Wilcoxon signed rank test (P<.05), are shown as values in boldface. "r* denotes the
effect size. Each feeding phase shows the reaching phase as “Re,” the table phase as“ Ta,” the transporting phase as“Tr,” and the mouth phase as“Mo.”

bLarger vaues in comparisons between chopstick and spoon conditions.

Changesin Joint Angles

In male participants (Table 3), changes in shoulder flexion,
abduction, and neck right lateral flexion angles were generally
smaller in the chopstick condition than in the spoon condition
across all feeding phases. Additionally, wrist ulnar deviation,
neck flexion, and hip flexion showed smaller changes in some
phases when using chopsticks. Conversely, neck right rotation
in most phases and wrist dorsiflexion during the reaching phase

https://rehab.jmir.org/2026/1/€76239

showed increased changes with chopsticks. Elbow flexion
showed greater changes in the reaching phase when using
chopsticks; however, the changes were smaller in the table and
mouth phases. Changes in forearm pronation were smaller
during the table phase but larger during the transporting phase.
Shoulder internal rotation changes across all phases showed no
significant differences between utensils. Effect sizes for these
differences were small to large.
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Table. Comparison of joint angle changes between chopstick use for eating solid foods and spoon use for eating semisolid foods during each feeding
phase in male participants®.

Motion directionand  Joint angle change (degrees)

Phases Chopsticks, median Spoon, median (IQR)  zvalue P value r value
(IQR)
Shoulder flexion
Re 7(5t012) 18 (11to 21)b -3.62 <.001 —0.546
Ta 1(1to3) 2(1t03) -1.217 22 -0.183
Tr 6(4t09) 13 (70 18)° -3.425 001 -0516
Mo 2(2t03) 3(3t05)° -2.841 .01 -0.428
Shoulder abduction
Re 6(4t012) 11 (710 13)° -2.419 .02 -0.365
Ta 1(0to2) 1(1to2)° -2.808 .005 -0.423
Tr 4(2t06) 7(5to11)° —-3.685 <.001 —0.556
Mo 1(1to2) 2(1t02)° -2.646 .008 -0.399
S_houlder internal rota-
tion
Re 9 (610 15) 9 (610 14) -1.25 21 -0.188
Ta 2(1to4) 3(2to4) -0.958 34 -0.144
Tr 4(2t08) 4(2t08) -0.308 .76 —-0.046
Mo 2(1to4) 3(2to4) -0.828 41 -0.125
Elbow flexion
Re 26 (22t0 36)b 22 (13to 25) -3.036 .002 —0.458
Ta 2(1to4) 7(41013)° -3.555 <.001 -0.536
Tr 25 (21 to 30) 23 (2010 28) -1.055 29 -0.159
Mo 4(3t05) 6(4t07) -2.354 .02 -0.355
Forearm pronation
Re 68 (57 to 76) 67 (60to 77) -0.049 .96 -0.007
Ta 11 (710 13) 26 (22 10 34)° ~4.074 <.001 -0.614
r 50 (44 t0 55)° 42 (341052) -2.484 .01 -0.374
Mo 8 (5to 11) 9(8to11) —1.704 .09 -0.257
Wrist dorsal flexion
Re 16 (810 29)° 10(7t014) -2.289 .02 -0.345
Ta 6(4t09) 5(3t07) -1.412 16 -0.213
Tr 8(5to 11) 4(3t08) -1.899 .06 -0.286
Mo 2(1to4) 2(1t03) -0.601 55 -0.091
Wrist ulnar deviation
Re 9(5t014) 15 (9 t0 22)° -2.386 .02 -0.36
Ta 4(2to6) 11 (6t0 18)° -3.88 <.001 —-0.585
Tr 4(3t06) 4(2t07) -0.86 39 -0.13
Mo 2(1t02) 1(1t02) -0.925 36 -0.139
Neck flexion
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Motion directionand  Joint angle change (degrees)
Phases Chopsticks, median Spoon, median (IQR)  zvalue P value r value
(IQR)
Re 4(2109) 3(2t06) -1.769 .08 -0.267
Ta 0(0to1) 1(0to1) -1.088 28 -0.164
Tr 3(1t06) 4(2t06) -0.99 32 -0.149
Mo 1(1to2) 3(2t04)° -31 002 -0.467
Neck right lateral flex-
ion
Re 2(2to4) 5(4to7)° -4.107 <.001 -0.619
Ta 0(0to1) 1(0to 1) -1.347 18 -0.203
r 1(1to3) 2(1to5)° -2516 .01 -0.379
Mo 1(0to2) 2(2t03)° -3.945 <.001 -0.595
Neck right rotation
Re 3(2t05)° 2(1to3) -3.717 <.001 -0.56
Ta 0(0to1) 0(0to1) -0.016 .99 -0.002
r 3(1t04)° 1(1t02) -2.971 .003 -0.448
Mo 2(1to3)P 2(1to2) —2.354 .02 —-0.355
Hip flexion
Re 7(3t09) 6(3t08) -1.412 16 -0.213
Ta 0(0to0) 0(0to1)° -2.354 .02 -0.355
Tr 5(2t0 8) 5 (1to 6) -1.282 20 -0.193
Mo 1(1to1) 1(0to2) -0.308 76 -0.046

agjgnificant differences in each phase, as determined using the Wilcoxon signed rank test (P<.05), are shown as values in boldface. “r" denotes the
effect size. Each feeding phase shows the reaching phase as “Re,” the table phase as“ Ta,” the transporting phase as“Tr,” and the mouth phase as “Mo.”

bLarger values in comparisons between chopstick and spoon conditions.

In female participants (Table 4), changes in shoulder flexion,
abduction, and neck right lateral flexion angles across most
feeding phases were smaller with chopsticks than with a spoon.
Additionally, changes in shoulder internal rotation, wrist ulnar
deviation, and neck and hip flexion were smaller in some phases
when using chopsticks. Elbow flexion changes during the
reaching phase and forearm pronation changes during the

https://rehab.jmir.org/2026/1/€76239

RenderX

transporting phase were larger in the chopstick condition,
contrasting with smaller changes in elbow flexion during the
table and mouth phases and smaller forearm pronation changes
during thetable phase. Wrist dorsiflexion and neck right rotation
changes were similar across al feeding phases. Significant
differences were found in small to large effect sizes.
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Table. Comparison of joint angle changes between chopstick use for eating solid foods and spoon use for eating semisolid foods during each feeding
phase in female participants®

Motion directionand  Joint angle change (degrees)

Phases
Chopsticks, median Spoon, median (IQR)  zvalue P value r value
(IQR)
Shoulder flexion
Re 11(7t017) 25 (1510 33)° -3.98 <.001 -0614
Ta 1(1to?) 2(1t03)P -2.485 01 -0.383
r 7(5t013) 19 (15t0 28)° -3.875 <.001 -0.598
Mo 3(2to4) 5(4to7)° -3.528 <.001 -0.544
Shoulder abduction
Re 8 (610 14) 13 (610 18)° -2.624 .01 -0.405
Ta 1(0to2) 1(1t02) -1.581 a1 —0.244
r 5(3t08) 8(5t017)° -2.589 .01 -0.399
Mo 1(1to2) 2(1t03)P -2.45 01 -0.378
Shoulder internal rota-
tion
Re 9 (60 12) 9 (6o 16) -1.651 .10 -0.255
Ta 1(1t02) 3(2t03)P t02.311 02 -0.357
Tr 5(3t06) 5 (4 to 10) -1.894 .06 -0.292
Mo 2(2to4) 4(3to5)° -3.076 .002 -0.475
Elbow flexion
Re 29 (22 t0 32)° 21 (1410 33) -2172 03 -0.335
Ta 3(2to4) 8(6t012)P -3.702 <.001 -0571
Tr 28 (2210 32) 30 (24 to 34) -0.782 43 -0.121
Mo 4(3t06) 7(5t08)° -3.702 <.001 -0571
Forearm pronation
Re 74 (6310 87) 78 (67 t0 82) -0.678 50 -0.105
Ta 8(5t015) 33 (2310 45)° —4.015 <.001 -0.62
Tr 58 (52 to 70)° 49 (3810 53) -3.424 .001 -0528
Mo 7(3to 11) 10 (6 to 12) -1.616 11 -0.249
Wrist dorsal flexion
Re 12 (8 to 20) 11 (6 to 16) -1.86 .06 -0.287
Ta 8(5t012) 8(3to 13) -0.504 .61 -0.078
Tr 5(3to7) 7 (4to0 11) -1.825 07 -0.282
Mo 3(2to4) 3(2t03) -1.13 26 -0.174
Wrist ulnar deviation
Re 7(3t09) 14 (10 to 25)° -3.354 .001 -0.518
Ta 3(1to3) 14 (6 to 24)° -4.015 <.001 -0.62
Tr 4(3t05) 5(3t0 6) -1.269 21 -0.196
Mo 1(1t02) 1(1to3) —1.442 15 -0.223
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Motion directionand  Joint angle change (degrees)

Phases
Chopsticks, median Spoon, median (IQR)  zvalue P value r value
(IQR)
Neck flexion
Re 8(3to 13) 7 (50 10) -1.408 16 -0.217
Ta 1(0to 1) 1(0to 1) -0.365 72 -0.056
r 8(3to11) 10 (810 13)° -2.416 .02 -0.373
Mo 2(1t0-2) 3(2t05)° -3.98 <.001 -0.614
Neck right lateral flex-
ion
Re 2(1to3) 4(2t08)° -3.215 .001 -0.496
Ta 0(0to1) 1(0to 1)° -1.964 .05 -0.303
Tr 2(1t03) 3(1t06)° ~2.589 01 -0.399
Mo 1(1to2) 2(1t02)° -3.18 .001 -0.491
Neck right rotation
Re 4(2t05) 3(1to5) -1.303 .19 -0.201
Ta 0(0to1) 0(0to 1) ~1.442 15 -0.223
Tr 3(2to4) 3(2to4) -0.956 34 -0.148
Mo 2(1t02) 2(1t02) -0.713 48 -0.11
Hip flexion
Re 6(5t08) 4(2to7) -1.408 16 -0.217
Ta 0(0to0) 0(0to0) -1512 13 -0.233
Tr 4(2t07) 4(1to7) -0.365 72 -0.056
Mo 1(0to2) 2(1t02)° -3.076 .002 -0.475

agjignificant differences in each phase, as determined using the Wilcoxon signed rank test (P<.05), are shown as values in boldface. "r" denotes the
effect size. Each feeding phase shows the reaching phase as “Re,” the table phase as“ Ta,” the transporting phase as“Tr,” and the mouth phase as“Mo.”

bLarger values in comparisons between chopstick and spoon conditions.

. the spoon. In contrast, the mouth phase duration was shorter
Hand Spatiotemporal Parameters with chopsticks. Additionally, female participants showed a
In both sexes (Table 5 for males and Table 6 for females), the  shorter transporting phase duration when using chopsticks.
reaching phase duration was longer with chopsticks than with  These differences showed small to large effect sizes.

Table. Comparison of movement times between chopstick use for eating solid foods and spoon use for eating semisolid foods during each feeding
phase in male participants®.

Variable and Phase Chopsticks, median Spoon, median (IQR)  zvalue P value r value
(IQR)

Movement time (sec-

onds)
Re 49 (24t0 9.6)b 2.9(1.8t03.5) -3.393 .001 -0.512
Ta 1(0.7t02.2) 1(0.7to 1.4) —-0.438 .66 —-0.066
Tr 0.8 (0.6t01.4) 09(0.7t01.2) -1.136 .26 -0.171
Mo 0.4 (0.3t00.5) 0.7 (0.6 to 0.8)b -3.979 <.001 —-0.600

2 Significant differences in each phase, as determined using the Wilcoxon signed rank test (P<.05), are shown as values in boldface. “r" denotes the
effect size. Each feeding phase shows the reaching phase as “Re,” the table phase as“ Ta,” the transporting phase as “Tr,” and the mouth phase as “Mo.”

bLarger values in comparisons between chopstick and spoon conditions.
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Table. Comparison of movement times between chopstick use for eating solid foods and spoon use for eating semisolid foods during each feeding

phase in female participants®

Variable an Phase Chopsticks, median Spoon, median (IQR)  zvalue P value r value
(IQR)

Movement time (sec-

onds)
Re 48(32t07.3) 28(1.6t04.7) -3.702 <.001 -0571
Ta 1.1(0.9t0 1.8) 15(1.3t01.7) —-0.852 .39 -0.131
Tr 0.9(0.8to1.1) 11(1to 1_2)b -2.103 .04 -0.324
Mo 0.5(0.4t00.7) 0.9 (0.8to0 1.2)b -3.98 <.001 -0.614

@ Significant differences in each phase, as determined using the Wilcoxon signed rank test (P<.05), are shown as values in boldface. “r" denotes the
effect size. Each feeding phase shows the reaching phase as “Re,” the table phase as“ Ta,” the transporting phase as“ Tr,” and the mouth phase as“Mo.”

bLarger vaues in comparisons between chopstick and spoon conditions.

During the transporting phase in both sexes (Table 7 for males
and Table 8 for females), the actual distancetraveled was shorter
with chopsticks; however, the relative distance traveled was
greater than that with a spoon. Velocity and maximum velocity
were lower with chopsticks than with spoon. The timing of

Table. Comparison of hand spatiotemporal parameters between chopstick
the transporting phase in male participants®.

maximum velocity and the number of movement units used
were comparable between utensils. Small to large effect sizes
were observed for significant differences between utensil
conditions.

use for eating solid foods and spoon use for eating semisolid foods during

Variables Chopsticks, median Spoon, median (IQR)  zvalue P value r vaue
(IQR)

Actual distance trav- 0.11 (0.08t0 0.12) 0.14 (0.11to 0.18)b -3.782 <.001 -0.570

eled (meters)

Relative distance trav- 1.17 (1.04to 1.35)b 1.07 (1.04t0 1.11) —2.062 .04 -0.311

eled

Velocity (meters per 0.11 (0.08 t0 -0.15) 0.16 (0.14to 0_19)b -3.393 .001 -0.512

second)

Maximum velocity 0.18 (0.16 t0 0.28) 0.25(0.22to 0_32)b -3.068 .002 -0.463

(meters per second)

Timing of maximum  70.6 (61.7 to 83.2) 60.2 (45.1t0 75.8) -1.704 .09 -0.257

velocity (%)

Number of movement 5 (3.8t0 8) 4(3to7) -1.325 19 -0.200

units

a Significant differences, as determined using the Wilcoxon signed rank test (P<.05), are shown as values in boldface. “r* denotes the effect size.

bLarger values in comparisons between chopstick and spoon conditions.
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Table. Comparison of hand spatiotemporal parameters between chopstick use for eating solid foods and spoon use for eating semisolid foods during

the transporting phase in female participants®

Variables Chopsticks, median Spoon, median (IQR)  zvalue P value r value
(IQR)

Actual distancetrav-  0.12(0.11t00.14) 0.2(0.17 t0 0.22)° -3.91 <.001 -0.603

eled (meters)

Relative distance trav- 1.15 (1.07 to l.Z)b 1.05 (1.04to 1.09) -3.424 .001 -0.528

eled

Vel ocity (meters per 0.12 (0.1 to 0.16) 0.18 (0_14 to 0_2)b -3.702 <.001 -0.571

second)

Maximum velocity 0.22 (0.19t0 0.29) 0.35(0.28to 0_37)b -3.875 <.001 -0.598

(meters per second)

Timing of maximum  70.3 (63.4 to 75.9) 63.9 (56.4 10 69.2) -1.338 .18 —-0.206

velocity (%)

Number of movement 5 (4 to 6) 6(4.5t06.5) -1.171 .24 -0.181

units

@ Significant differences, as determined using the Wilcoxon signed rank test (P<.05), are shown as valuesin boldface. "r" denotes the effect size.

bLarger vaues in comparisons between chopstick and spoon conditions.

Discussion

Principal Findingsin Joint Kinematics

The aim of this study wasto determine upper body joint angles
and hand spatiotemporal parameters during the use of chopsticks
for solid foods and a spoon for semisolid foods acrossal feeding
phases by comparing these conditions. In addition to these
findings observed in both sexes, using subgroup analysis, male
participants demonstrated greater neck rotation motions, while
female participants exhibited fewer wrist dorsiflexion angles
under the chopstick condition. This comparison is crucial for
clinical assessments of individualswith upper body sensorimotor
dysfunctions, considering food customsin East Asia

Various joint angle positions of the upper limb and neck were
lower in the chopstick condition than in the spoon condition,
except for most elbow flexion angles and some forearm
pronation, wrist ulnar deviation (in females), and neck right
rotation (in males) angles being higher in the chopstick
condition. In addition, femal e parti cipants showed smaller wrist
dorsiflexion positions with chopstick use than with spoon use.
However, neck and hip flexion angles were generaly
comparable between the conditions.

The changes in upper body joint angles across phases were
smaller in the chopstick condition than in the spoon condition,
except for greater or fewer changes in elbow and forearm joint
angleswith chopsticks, and greater wrist dorsiflexion and neck
right rotation angles in mae participants. Based on the
comparison between the conditions, chopsticksrequired smaller
joint angle positions and changes in shoulder and neck flexion
and right lateral flexion across feeding phases and sexes.

These findings align with our hypotheses and the results from
previous reports on shoulder and neck joint angles [6,12].
Chopstick use requires less control of shoulder joint motions
dueto how food is held compared with spoon use. Thisrationale
is supported by the fact that chopsticks may securely hold food
through a “ scissor-pinching” motion, which reduces trapezius

https://rehab.jmir.org/2026/1/€76239

muscle activity compared with “pincer pinching” [26]. The
scissor-pinching technique used with chopsticks allows for a
stronger grip on the food [27]. The reduction in muscle activity
may explain the smaller shoulder joint motions observed in the
chopstick condition. In addition, the finding of fewer neck joint
angle positions and changes in our chopstick condition is
supported by findingsin studies showing smaller head or trunk
region maotions while eating solid foods with afork or a spoon
(not-easy-to-drop-foods condition), compared with eating liquid
foods with a spoon (easy-to-drop-foods condition) [8,11]. The
actual differences in shoulder joint motions to control utensils
and compensatory neck joint motions between chopstick use
for solid foods and spoon use for semisolid foods should be
clinically highlighted as normative information. However, the
current experimental conditions did not clarify whether food
was prone to being dropped, indicating the need for further
studies.

Notably, in male participants, neck right rotation angles and
angle changes during some phases were greater in the chopstick
condition than in the spoon condition. Additionally, hip flexion
angles and changes, which indicate trunk positioning and
motion, did not differ significantly between conditionsin either
sex group. Proximal body part stability or movements are
considered the same. Although they were not anticipated at the
start of the study, these postures and movements could be
important for clinical assessments. Proximal body part motions
are often more pronounced when eating foods prone to being
dropped [8,11], which was likely the case for the spoon
condition in this study. However, this remains unclear and
warrants further investigation under adjusted conditions.

Contrary to our hypothesis, motion extent at the middle and
distal joints using chopsticks was not consistently reduced. For
instance, when transporting food to the mouth, forearm
pronation angle changes were greater in the chopstick condition
than in the spoon condition. However, during the table phase
(when taking food from the bowl), the changes were not
significant in the chopstick condition. These joint motions are

JMIR Rehabil Assist Technol 2026 | vol. 13| e76239 | p.191
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

thought to be essential for approaching and manipulating food
directly.

Principal Findingsin Hand Spatiotemporal Parameters

Hand spatiotemporal parameters suggest that, in contrast with
spoon use, chopstick use required more time during the reaching
phase and less time during the mouth phase in both sex groups,
with femal e participants also showing shorter times during the
transporting phase. These utensil and food type-—related
differences contradicted our hypothesis. Furthermore, this
finding was not recognized in a previous study [6]. A possible
reason for the contrasting resultsisthat the previous study used
pickles as the food item under both the chopstick and spoon
conditions, whereas this study used pickles (solid food) with
chopsticks and yogurt (semisolid food) with a spoon to align
with the study aim. Yogurt may be easier to consume without
chewing (requiring less time during the reaching phase) than
pickles [28]. However, yogurt may be more prone to spilling
than pickles (requiring more time during the transporting and
mouth phases). Accordingly, the present findings related to
duration differences in conditions lead to the assumption that
this was due to utensil use along with respective food
characteristics such as viscosity and not just dependent on utensil

types.

Hand spatiotemporal parameters during the reaching movement
have been reported [13,14], with clearly defined start and end
positions and movement not disrupted. Accordingly, this study
analyzed parameters related to distance, speed, motor control
strategy, and smoothness during the transporting phase, which
showed no disruption during reaching or transporting. The
resultswereinterpreted in accordance with the common concept
of spatiotemporal parameters to contribute to clinical
assessments.

First, the actual distance traveled by the hand from the bowl to
the mouth was shorter with chopsticks than with a spoon.
Furthermore, the hand holding the chopsticks moved at aslower
speed. This slowness might have been caused by the shorter
transfer distance [29] observed in the chopstick condition than
in the spoon condition. These shorter and slower hand transfers
might be dueto thelarger forearm rotations and smaller shoulder
flexion and abduction motions associated with chopstick use,
as noted earlier. In contrast, when transporting food with a
spoon, the larger hand transfer distance and higher speed might
be due to increased shoulder motions rather than forearm
movements. Thereby, the effective hand spatiotemporal transfers
during the transporting phase might be mainly caused by
shoulder joint motion and not forearm joint motion.
Contrastingly, forearm joint motion might affect well transfer
of the utensil tip rather than the hand.

The relative distance (ie, the ratio between the actual and
theoretical shortest distance) for the hand with chopsticks was
greater than for the hand with the spoon, indicating lower
efficiency in the hand spatial transfer. This also suggests that
forearm rotation might make the movement in the tip of
chopsticks efficient, not in the hand holding chopsticks.
However, the relationship between hand spatiotemporal
parameters as well as utensil tip motion and joint angles is

https://rehab.jmir.org/2026/1/€76239
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beyond the scope of this study and considered an areafor future
research.

Additionally, we analyzed the timing of maximum velocity
(motor control strategy) and number of movement units
(smoothness) and found no obvious differences between utensil
conditions. The comparable reaching strategies and movement
smoothness between conditions might indicate that the healthy
participants in this study had well-learned motor control for
these modes of feeding. These characteristics are generally
assessed in patients [13]; this study provides valuable data on
comparable motor control and smoothness between 2
utensil-food type conditions in normal hand motions regarding
such assessments.

Clinical Implications

Clinicians might determine appropriate eating utensils used by
patients based on their ability to use them, considering factors
such as paresis and intellectual ability [2]. Rheumatoid arthritis
[30] and Parkinson disease [31] may also beincluded in target
populations as they have altered upper body kinematics during
functional tasks. The assessment can refer to the findings of
this study regarding joint angle positions, ranges of joint motion,
and hand spatiotempora parameters as fundamental normal
movement knowledge, which could support clinical judgments
when selecting chopsticks for eating solid foods or a spoon for
eating semisolid foods in East Asian countries. For instance,
individuals with limited shoulder flexion or abduction or
increased elbow flexion angles might be suited to using
chopsticksto eat solid foods, which include small-sized pickles
used in this study, bite-sized meats and vegetables, or sticky
rice; conversely, those who demonstrate significant forearm
rotation during the table phase might benefit from using aspoon
to eat semisolid foods, which include yogurt, jelly dessert, or
rice porridge. Movements for using a spoon to eat semisolid
foods may also be consistent with those for using a spoon to
eat liquid foods such as soup or solid foods such as separated
rice and finely chopped vegetables. These combinations of
utensils and foods, alongside the typical movements currently
revealed, would be realistic about food customs in East Asia
Additionally, differencesin hip flexion positions and motions
(ie, trunk inclination) may not be related to utensil selection.

Intherehabilitation of eating difficultiesin East Asian countries,
when changing food forms from semisolid to solid, patients
forearm supination should be well confirmed for using
chopsticks. Compared with the spoon condition, chopstick use
typicaly involves shorter and slower hand movements during
the transporting phase, which can be considered normal. If the
nondominant hand istrained for chopstick use with solid foods,
improvements as spoon use with semisolid foods in control
strategy and movement smoothness—similar to those observed
in this study—could be assessed, as recently reported [32,33].
Hand spatiotemporal parameters involving nondominant or
impaired hands using utensils could also be evaluated based on
the current findings. Although male participants showed greater
neck right rotation positions and motions and femal e participants
showed smaller wrist dorsiflexion positions in chopstick
condition than in spoon condition should be assessed as
individual s with normal state in each disease, these sex-related

JMIR Rehabil Assist Technol 2026 | vol. 13| e76239 | p.192
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

characteristics would be emphasized particularly in diseases
with ununiform sex ratio such as collagen disease and cervical
spondylotic myelopathy.

Limitations and Future Research

The present results were derived from measurements obtained
during specific movement tasks using an inertia
motion-capturing system, which may limit the generalizability
of the findings to feeding movements observed in clinical
settings. Future studies should investigate whether certain foods
could be more proneto being dropped by examining the effects
of different eating utensils (eg, chopsticks with supportive
features, forks, and spoons) and various types of foods (eg,
viscosity, size, and forms) separately, as these may be
confounding factorsin the current experiments; moreover, these
studies should define these effects on feeding movements. This
approach might help verify and expand upon the current
findings. Drawing connections between joint motions and the
hand spatiotemporal parameters and utensil tip motions, despite
being out of this study objectives but discussed, might also be
avaluable method for more deeply understanding the differences
between the current 2 utensil-food type conditions; thus, eating
movements would be assessed well. Moreover, future research
should also involve populations with upper body dysfunctions.

Nakatake et al

Conclusions

This study investigated upper body joint angles and hand
spatiotemporal parameters during feeding movementsinvolving
chopsticksfor solid food and a spoon for semisolid food across
4 feeding phases and both sexes. The results indicate that
chopstick use, regardless of sex, generally requires smaller
shoulder and neck joint angle positions and motions across
phases but involves larger elbow and forearm joint motions
based on the phase. Additionally, when transporting food from
the bowl to the mouth using chopsticks, the hand travels a
shorter distance and moves slowly. Spoon use, in contrast,
involves larger elbow, forearm, and wrist ulnar deviation
motions when taking up semisolid food from the bowl.
Regarding sex differences, male participants exhibit increased
right neck rotation positions and motions when using chopsticks
compared with using a spoon, whereas female individuals
demonstrate reduced wrist dorsiflexion positions under the
chopstick condition relative to the spoon condition. These
movement characteristics, influenced by the combination of
utensils and food types specific to East Asia countries, could
facilitate clinical assessments of feeding behaviors specific to
food customs in individuals with upper body dysfunction and
diseases specific to each sex and aid in determining adaptive
utensils.
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Abstract

Background: Spina cord injury (SCI) may, and often does, profoundly reshape daily life, atering physical abilities, social
roles, and personal identities. While assistive technol ogies, including assistive robotics, are often framed as sol utionsto re-establish
independence, their adoption is shaped by practical, emotional, and social considerations aswell asfunctional qualities. Individuals
with SCI, their relatives, and health care professionals need to navigate complex dynamics when encountering assistive robotics.
Understanding how assistive technologies are perceived and positioned in everyday life may help devel opers and designers create
assistive robotics that are meaningful and useful for intended users.

Objective: The aim of this qualitative study was to explore how individuals with SCI, relatives, and health care professionals
working with patients with SCI perceive and describe the possibilities and limitations of assistive robotics. The study sought to
understand the factors that influence the intention to use assistive robotics among individuals with SCls.

Methods: We used a qualitative approach, conducting semi-structured interviews and participatory workshops in Sweden and
Spain. In total, the study involved 18 interview participants with SCI, 21 workshop participants with SCI, 12 relatives, and 26
health care professionals. The interviews and workshops €licited reflections on participants experiences, expectations, and
concernsregarding assistive roboticsin general and supernumerary robotic limbsin particular. Datawere analyzed using reflexive
thematic analysis, with afocus on interpreting the meanings embedded in participants’ narratives.

Results: Theanalysisshowed that participants engagement with assistive robotics was influenced by expectations of technological
benefits and by practical constraints in everyday life. The main barriers identified were practical constraints, including the
subthemes “ navigating a changing reality,” “ difficulties with awareness and access’ and “concerns about costs’; and interaction
with robots, including “ doubts about meaningfulness,” “uncertainty regarding reliability and safety,” “ uneasiness about competence”
and “apprehension of social norms.” Participants’ visions of enhanced self-efficacy through assistive robotics were described as
important enablers of the intention to use and motivation to try assistive robotics. Shared expectations and concerns about future
technologies (technological imaginaries) also influenced how participants talked about assistive roboatics.

Conclusions. Rather than presenting assistive robotics as an inevitable progression toward greater autonomy, this study highlights
the complexities and contingencies that shape how individuals relate to assistive robotics in general and supernumerary robotic
limbs in particular. Participants’ responses illustrate that robotic assistance is not merely a question of technological feasibility
but is deeply entangled with embodied experiences, shifting identities, and evolving social relations. While visions of independence
through assistive robotics remain compelling among parti ci pants, soci otechnical imaginaries coexist with concerns about meaningful
engagement, reliability, safety, competence, and social norms, aswell as challengesrelated to transition periods, costs, and limited
awareness and access to assistive robotics.

(JMIR Rehabil Assist Technol 2026;13:€72080) doi:10.2196/72080
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Introduction

Spinal cord injury (SCI) has a substantial impact on quality of
life, affecting physical, psychological, social, and economic
aspects of an individual’s life. The severity and level of the
injury influence the extent of this impact, often resulting in
paralysisor loss of sensation and aneed for extensive assistance
in everyday life [1]. This, in turn, negatively affects the ability
of individuals with SCI to independently perform everyday
tasks, such as hygiene, eating, and dressing. Frequently, they
depend on assistance from caregivers, relatives, and various
assistive aids [2].

In robotics labs around the world, several projects are being
conducted to develop valuable robotic assistance for people
with SCI, such as mobile manipulators [3] and robot-assisted
feeding [4]. In this paper, we use the term “assistive robotics’
to refer to robotic devices that provide physical assistance for
everyday activities to people with upper body-limb disabilities
(eg, robotic arms, powered gloves, and exoskeletonsthat support
feeding, reaching, dressing, or grooming).

However, despite the potential benefits of assistive technologies,
abandonment rates remain high [5], often due to
technology-driven design that overlooks the social and cultural
factors affecting user acceptance [6]. A key factor influencing
user abandonment is the intended users perception of the
technology in question [7-9].

Conceptual Framework and Research Gap

The perception of technology and its relation to the intention
to use are explained by the Technology Acceptance Model
(TAM) [10] and the Unified Theory of Acceptance and Use of
Technology (UTAUT) [11]. TAM focuses on personal beliefs
about usefulness and ease of use[10], while UTAUT adds social
influence and the broader conditions surrounding the use of
technology [11]. In the context of individuals with SCI, the
models suggest that the intentions to use assi stive technol ogies
areinfluenced not by personal beliefsbut aso by the viewsand
practices of caregivers, relatives, and health care professionals
(HCPs) who organize care and everyday use [12].

At the same time, TAM and UTAUT were developed for
information systemsand “ able-bodied individuals’ [10,11], and
may therefore not fully capture the situated, embodied, and
relational aspects of technology adoptionin adisability context.
Building on these models, work in assistive technologies has
emphasized the importance of perceived meaningfulness,
identity, and the organization of support around assistive
technologies [7,9,13,14]. Concepts from Science and
Technology Studies such as sociotechnical imaginaries draw
attention to shared visions and narratives about how emerging
technologies might reshape care and independence [15-19].
Sociotechnical imaginaries highlight how hopes, fears, and
expectations about technologies are collectively produced.

Existing research on assistive robotics and people with SCI has
primarily addressed rehabilitation and technical feasibility.
Studies have investigated robotsfor rehabilitation [20-22], work
participation [23,24], technology use and priorities [25,26],
outcome measures [27] and user-centered design guidelines
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[28]. Severa recent systematic reviews and state-of-the-art
papers synthesize the devel opment of upper-limb assistive and
rehabilitation robots, including exoskeletons, end-effector
devices, soft exosuits for people with cervica SCI and other
neuromuscular conditions[29-33]. The reviews describe control
strategies, clinical indications, motor outcomes, and identify
challenges, such as comfort, wearability, and robustness.
Furthermore, a systematic review has examined the barriers and
facilitators to exoskeleton use [34] and broader acceptance of
assi stive technol ogies among people with motor disabilities[9].

Across the existing literature, user perspectives are most often
operationalized in terms of usability, comfort, and short-term
feasibility, focusing on the person undergoing rehabilitation
[9,29,32]. While some studiesincluded HCPs and, morerarely,
relatives as respondents, they are not systematically treated as
stakeholders, even though they are often responsible for
procuring assistive technologies, providing training, and
embedding them in care routines [34]. There are also very few
empirical studies on how emerging technologies such as
supernumerary robotic limbs (SRLs) are imagined before they
reach the market [30,33], which leaves a gap in understanding
how assistive robotics are positioned within the everyday lives
of people with SCI and those involved in their care.

To address the identified gap, this study is conducted within
the HARIA project, which develops SRLs to augment
upper-limb function in people with substantial arm and hand
impairments[35]. SRLs are wearable robotic arms and fingers,
designed to enhance human sensorimotor abilities, particularly
in tasks involving movement and coordination [36]. For
individualswith SCI, SRLs are proposed as aids to compensate
for lost functions in impaired limbs, provide necessary
assistance, and substitute for impaired limbs in terms of
functionality [37].

Aim and Research Question

The objective of this qualitative study was to explore how
individuals with SCI, their relatives, and HCPs conceptualize,
engage with, and negotiate the possibilities and limitations of
assistive robotics in general, with a particular focus on SRLs.
More specifically, we examined (1) intentions to use emerging
assistiveroboticsthat are not yet widely available, (2) how these
intentions are shaped by experiences of both used and abandoned
assistive technologies, and (3) how perspectives differ or
converge across stakeholders, including individuals with SCI,
relatives, and HCPsin Sweden and Spain.

We asked: What barriers and enablers shape the intention to
use assi stive robotics among people with SCI and thoseinvolved
in their everyday carein Sweden and Spain? By exploring this
guestion, we aimed to clarify how assistive robotics are
positioned within the everyday realities of potential users and
their caregivers and to inform the design and implementation
of emerging assistive roboatics.

Methods

Study Design

This qualitative exploratory study is part of a broader research
project centered around SRLs [35,37-39]. We adopted an
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interpretive, constructivist approach [40] and used reflexive
thematic analysis [41] to explore how different stakeholders
make sense of assistive robotics in the context of SCI. Within
this study, our focus is on individuals with SCls and their
intention to use assistive robotics, with a particular emphasis

Figure 1. Study design.

Frennert et d

on SRLs. We combined individual semi-structured interviews
[42] with participatory workshops[43] to capture both in-depth
personal narratives and group-based discussions and
co-imaginings of future assistive robotics (Figure 1).

Interviews

individuals with
spinal cord injury

Workshops with
individuals with
spinal cord injury

professionals

Recruitment Interviews and relatives Analvsi Themes &
relatives natysis subthemes
| - Workshops with
nterviews Healthcare
healthcare

professionals

The multidisciplinary research team included researchers in
rehabilitation engineering, design science and technology
studies, and clinicians, several of whom had prior experience
of SCI rehabilitation and assistive technology research. The
diversity of the research team informed the devel opment of the
interview and workshop guides and the interpretation of the
data

Setting and Participants

To understand the social dynamics and contextual factors
pertinent to assistive robotics, our participant pool included not
only individuals with SCI but also HCPs specializing in SCIs,
professional sworking closely with individual s affected by SCIs,
aswell asrelatives and caregivers. The study was conducted in
both Spain and Sweden. In Sweden, participant recruitment
involved collaboration with Paraplegic Associations, using their
networksto disseminate information about the study to potential
participants. Additionally, outreach efforts were extended to
various health care facilities speciaizing in SCIs. In Spain,
recruitment targeted HCPs, individualswith SCIs, and rel atives
through collaboration with Sescam - Gaobierno de Castilla-La
Mancha, a hospital and rehabilitation facility specializing in
SCls, which facilitated the identification and inclusion of
relevant participants.

We focused on adults with cervical SCI because SRLs in the
HARIA project aim to augment arm and hand function [35].
We also included relatives and HCPs, based on the assumption
that the intention to use assistive rabotics is affected by those
who support and care for patients with SCI.

https://rehab.jmir.org/2026/1/€72080

Eligibility and Sample

We contacted potential participants through email and phone.
From this pool, we selected a purposive sample by applying
specific criteria. To qualify for participation, individuals needed
tofulfill thefollowing criteria: (1) be 18 yearsor older, (2) have
acquired a cervical SCI as an adult, (3) live in the community
(notinlong-termingtitutional care), and (4) be ableto participate
in an interview or workshop in Swedish or Spanish. Eligibility
extended to those who were either a relative of an individual
with a SCI or HCPs working with patients with SCI.

We aimed for heterogeneity to capture a wide range of lived
experiences, needs, and expectations. Therefore, we did not set
inclusion and exclusion criteria regarding time since injury,
lesion level within the cervical region, functional level, or
previous experience with assistive technologies or robotics.
None of the participants had prior hands-on experience with
SRLs, as SRLs were introduced by the researchers during the
workshops (Multimedia Appendix 1).

Participants wererecruited between January 2023 and September
2023. Recruitment was discontinued when we considered that
data saturation was reached, indicating that further interviews
produced repetitive information and no new themes or responses
emerged [41].

Data Collection

Data were gathered through audio-recorded qualitative
semistructured interviews [42,44] and participatory workshops
[43]. The first author formulated the interview and workshop
guides (Multimedia Appendices 1-5), subsequently refining
them in collaboration with therest of the research team [42,45].
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The interview questions probed into the experiences of
individuals living with SCls, exploring their current use of
assistive technologies and those received but not used
(Multimedia Appendix 2). Such questions were included to
Situate participants' views on robotics within their broader
histories of adopting, adapting to, and sometimes abandoning
assistive technologies. Later during the interview, the focus
shifted to assistive robotics technology, with questions aimed
at understanding the interviewees experiences with assistive
technologies. During the latter part of the interview, the
interviewer provided a brief introduction to SRLs, as the
interviewees lacked prior knowledge, and SRLs are not yet
commonly available on the market but are currently under
development in research laboratories around the world
[36,37,46]. Preferences and ideas regarding the use of assistive
robotics technology were explored by asking questions about
the functions regquested, the required design for actual use, and
how the interviewees would describe their needs and wishes
concerning assistive robotics.

Interview questions and workshop activities for relatives and
HCPs followed the same overall structure as for individuals
with SCls but were designed to explore their insights into the
needs of the end-users (individuals with SCI) from their
relational and professional standpoints (MultimediaAppendices
3-5). Our questions did not delve into the requirements of
relativesand HCPsto acquire, use, or prescribe robotic devices,
instead, we focused on their perceptions of the needs of
end-users (individual s with SCI). Throughout the sessions, the
researchers maintained a field diary. The diary served as a
repository for initial analytical reflections, interpretations, and
first impressions.

Qualitative semi-structured interviews were conducted either
over the phone or digitally by the first [SF] and second [JP]

Frennert et d

authorsin Sweden and by thethird [ED], fourth [MA], and fifth
[FV] authors in Spain, each lasting approximately 45 to 75
minutes. In total, 18 individuals with SCI, 10 relatives, and 13
HCPs were interviewed.

In the participatory workshops [43], theinitial part focused on
the lived experiences of individualswith SCls, identifying both
opportunities and challenges (Multimedia Appendix 1). The
initial part of the workshop also covered currently used assistive
technologies and those left unused. The subsequent part of the
workshops centered on SRL s. Here, we showed both illustrations
of different scenarios in which SRLs were used and videos of
users interacting with SRLs (Multimedia Appendix 1). The
same visual material was used across workshops to support
comparability between groups of stakeholders and countries.
The participants were asked to openly discusstheir perceptions
of the different scenarios, including perceived barriers and
enablers associated with using SRLs. The participatory
workshops, with an average duration of 2 hours, included one
researcher as the workshop moderator and another responsible
for comprehensive notetaking [43]. Upon conclusion, all
materials and participant notes were collected.

Two in-person workshops were held in Sweden at Lund
University by thefirst [ SF] and second [JP] authors, each lasting
around 2 hours. In Spain, 3 in-person workshopswere conducted
by thethird [ED], fourth[MA], and fifth [FV] authors at Sescam
- Gobierno de Casdtilla-La Mancha, a specialized hospital and
rehabilitation facility for patients with SCI. Workshops were
conducted in small groups and included individuals with SCI
and relatives and, in separate workshops, HCPsworking in SCI
rehabilitation. Intotal, 21 individualswith SCI, 2 relatives, and
13 HCPs took part in participatory workshops in Sweden and
Spain (Table 1).

Table. Participantsin the qualitative semistructured interviews and participatory workshops.

Category Qualitative Male Female Age(years), Participatory Male Female Age (years),
semistructured mean workshops mean
interviews

Participants 18 14 4 61 21 16 5 51

with spina

cord injury

Relatives 10 3 7 N/AG 2 1 1 N/A

HCPs 13 1 12 N/A 13 2 11 N/A

3ot available.
. Fieldnotes and materia from the workshops were analyzed
Data Analysis P y

The interviews were transcribed verbatim and subjected to
thematic analysis following Clarke and Brown [41]. Initially,
the first and the second author individually reviewed the
transcripts, immersing themselves in the data through multiple
readings. During theinitial stage, the researchers systematically
assigned codes to expressions and narratives related to barriers
and enablersto theintention to use assi stive roboticstechnol ogy.
Subsequently, the first and the second author compared codes
and resolved any disagreements. The codeswere organized into
potential key themes and subthemes [41].

https://rehab.jmir.org/2026/1/€72080

using the same coding framework as the interview transcripts
[41]. The shared coding framework allowed us to triangulate
across data sources and explore how the same issues were
discussed in one-to-one interviews and in group settings (ie,
during workshops). Where workshop data introduced new
nuances, the coding framework was adjusted and reapplied to
interview transcripts.

During the interpretive coding phase, barriers and enabler
themes were developed inductively. Initial codes captured a
broad range of practical hindrances, concerns, and hopesrelated
to assistive robotics. The codes were gradually organized into
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categories that reflected patterns across the data (Table 2
presents the final set of themes and subthemes).

For the purpose of verification, workshops dedicated to member
checking were organized. Member checking is a qualitative
research practice used to ensure data accuracy and credibility
by actively involving participants in the data analysis process

Table. Identified barriers and enablers.

Frennert et d

[47-49]. During the member checking workshops, research
findings were presented to individualswith SCIs, their relatives,
and HCPs for feedback. The member checking workshops
facilitated the refinement of themes to ensure close alignment
with participants’ lived experiences of SCI. Quotationsare used
to illuminate the themes.

Themes

Subthemes

Barriers

Practical constraints

Interactions with assistive robotics

Enablers

Sociotechnical imaginaries

«  Navigating achanging reality
« Difficulties with awareness and access
«  Concerns about costs

Doubts about meaningfulness
Uncertainty regarding reliability and safety
Uneasiness about competence
Apprehension of social norms

« Imaginings of greater self-efficacy
« Imaginings of fulfillment of functional requirements

Ethical Consider ations

Ethical approval for this study was obtained from the Swedish
Ethical Review Authority (Dnr 2022-03154-01) and Comité
Etico CHT Eic-chto-secretario at Toledo Hospital in Spain
(CEIC-961). The study was conducted in accordance with the
Declaration of Helsinki. All participants provided written
informed consent before their participation. Participants were
informed in advance that they would not receive any monetary
compensation for their time and inconvenience and offered no
direct personal benefits. Confidentiality and anonymity of the
data provided were maintained throughout the research and
publication process.

Results

Sample Characteristics

In total, 41 individuals participated in interviews and 36 in
participatory workshops (Table 1). Participants were recruited
from 2 countries (Sweden and Spain) and 3 stakeholders' groups
(individualswith SCI, relatives, and HCPs). Among participants
with SCI, most were men in their fifties and sixties (mean age
61y in interviews and 51 y in workshops), al with cervical
injuriesand varying functional levels (ie, most used wheelchairs
and required different degrees of assistance with everyday
activities such as eating and dressing). Relatives were mainly
women, typically partnersand close family members. The HCPs
were predominantly women and represented a range of
professions working with SCI rehabilitation (eg,
physiotherapists, rehabilitation physicians, and biomedical
engineers).

While the national health care systems differed, for example,
in Sweden, participants relied to a greater extent on personal
assistants who are paid by the municipalities [50], whereas in
Spain, participants with SCIs often depended on their nonpaid
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relatives [51], similar themes emerged across the 2 country
contexts. Such contextual differences, therefore, mainly function
as abackdrop for the findings rather than as a primary focus of
comparison.

Overview Themes

In our interpretive reading of the material, the datarevealed that
participants frequently described barriers impeding their
intention to use assistive robotics, both generally and specificaly
in the context of SRLs. Through reflexive thematic analysis,
we organized the data into 2 main barrier themes, “practical
constraints’ and “interactions with assistive robotics,” and 1
main theme capturing enablers of intention to use “imaginings
of self-efficay and functional fulfilment.” Practical constraints
include (1) navigating a changing reality, (2) difficulties with
awareness and access, and (3) concerns about costs. I nteractions
with assistive roboticsinclude (1) doubts about meaningfulness,
(2) uncertainty regarding reliability and safety, (3) uneasiness
about competence, and (4) apprehension of social norms. The
main enabler theme encompassed two subthemes: (1) imaginings
of greater self-efficacy and (2) imaginings of fulfillment of
functional requirements. Key themes and subthemes are
represented in Table 2.

Barrier —Practical Constraints

Overall, 3 subthemesrelated to barriers associated with practical
constraints were identified: “navigating a changing reality,”
“difficulties with awareness and access,” and “concerns about
costs” The barrier themes were voiced across all stakeholder
groups, athough the specific experiences they referred to
sometimes differed between individuals with SCI, relatives,
and HCPs.

Navigating a Changing Reality
The subtheme, “navigating a changing reality,” captures how
participants described ongoing changes over time as aresult of
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the injury, aging, fluctuating symptoms, and evolving
technologies as a barrier to engaging with assistive robotics.
Most participants, including individuals with SCIs, relatives,
and HCPs, described living with a SCI as a constant experience
of transition periods. Transitions encompassed both the
long-term adjustment to altered functionalities and needs and
short-term fluctuations in pain and fatigue. Participants
illustrated these experiences in expressions, such as

It was a brutal impact ... from white to black. It
shocked me in absolutely everything; it changed my
life overnight. Everything has changed. [SCI_6]

As a person with a SCI, you experience neurogenic
pains that persist. Some days, it's really tough.
[SCI_15]
Those with SCls also felt that immediately after the accident,
they received considerable rehabilitation and assistance at the
hospital, but upon discharge, they were largely on their own:

But now, after being discharged, it's difficult... no
one is keeping track of me... [SCI_4]

Such transition periods became a barrier to the intention to use
assistive technology as needs, energy levels, and abilities
fluctuated throughout the day and changed over time.
Consequently, participants were lesswilling to invest time and
energy in assistive technology due to the constant changes,
along with fatigue and pain.

Within this subtheme, HCPs frequently cited a barrier to their
intention to adopt assistive robotics. They pointed out that rapid
technological developmentsimpacted their work, for example,
by requiring training in new devices, adapting clinical routines
to new technology, and troubleshooting technology during
already time-constrained consultations, which they perceived
as increasing workload. The continuous changes and
advancements placed a strain on them and their engagement
with advanced technology. HCPs referred to transition periods
in adapting to new technology and the continuous need to learn
how to useit. As 1 HCP stated:

As a disadvantage, it might seem that we would have
to learn and train ourselves on these new devices.
[HCP_18]
Overall, the experience of transitions and constant changes acted
as barriersto the intention to use assistive robotics technol ogy.

Difficulties With Awar eness and Access

The subtheme, “difficulties with awareness and access,
illustrates the barriers individuals with SCIs encounter when
interacting with HCPs and others, both in understanding their
injury’s impact on their lives and in discovering available
assistive aids. The subtheme was mainly articulated by
individuals with SCI and their relatives, with HCPs offering a
partly contrasting perspective on the availability of assistive
robotics.

The obstacles outlined by individuals with SCls included the
lack of knowledge among municipality workers, reliance on
specialized care professionals, and the challenge of
self-identifying their needs:
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Municipal workers lack knowledge about SCls...we
must have availability to direct contact with
neurorehabilitation for assistive device support. e
as patients typically need to identify our problems
and propose potential aids, which may then be either
adapted or developed for our individual needs.
However, there is no predefined 'catalog’ for
selection. [SCI_3]
Many participants emphasi zed the lack of support and assistance
regarding assistive aids and knowledgeable personnel. They
highlighted this by narrating

Above all, there is a lack of support on the issue of
rehabilitation, there should be more means and more
availability, both in terms of aids and personnel.
[SCI_5]

...l actually don't know who | would turn to if |
wanted something [aids]. [SCI_12]

| don't know of any aid. As for support, there isn't
much... [SCI_8]

In contrast, HCPs perceived the availability of numerous
assistive technologies. However, many also stressed that they
did not recommend or prescribe them:

Therearealot of aids. For example, to eat and drink
there are devices that | don’'t remember the name of
because | have never recommended them. [HCP_11]

In general, most participantswith SClsdid not rely on advanced
assistive technology but on other humans such as relatives and
personal assistants. Their dependence on assistive technology
mainly centered on wheelchairs and some specialized aids for
the bathroom and kitchen. When it came to more advanced
assistive technology and robotics, only alimited number of the
participants (n=8) had experiencesthrough participatingintrials,
testing at rehabilitation facilities, or using smart home
technology with voice commands to control lighting, TV, and
radio.

Concerns About Costs

Participants with SCI commonly faced financial pressure due
to the inability to work or being limited to part-time
employment. The subtheme, “ concerns about costs,” emphasizes
a significant barrier to the intention to use assistive robotics
technology tied to financial constraints. Concerns about the
affordability of assistivetechnologieswereraised by individuals
with SCI, relatives, and HCPs.

In Sweden, known for subsidized health care [50], individuals
with SClshighlighted, like their Spanish counterparts, that only
some assistive aids are subsidized [51]. Obtaining advanced
assistive technology for free was perceived as challenging and
almost impossible.

Some participants were aware of assistive robotics technology
through the media but mentioned that trying it out required
paying for it themselves. They perceived themselves as a
disadvantaged group dueto alack of income and expressed the
opinion that having money would make everything easier. For
example, 1 participant stated,

JMIR Rehabil Assist Technol 2026 | vol. 13| €72080 | p.201
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

Well, the truth is that | do not have much. Around
here, we have a saying that “ with money” everything
is easier. When you have money, you can afford
everything, but if you can’t pay, you will have nothing.
[SCI_11]

Another participant expressed concerns, stating,

Interms of support and aids, | think much ismissing.
Initially, you receive rehabilitation and physiotherapy
support, but there comes a time when you either pay
out of pocket or receive nothing. [SCI_18]

HCPs and relatives also shared concerns about costs, viewing
them as a barrier to accessing more advanced assistive
technology and human support. When discussing SRLS,
participants perceived them as expensive and beyond the scope
of ordinary prescribed assistive technologies. As 1 HCP noted,

The aids must be very affordable so that patients can
easily access them.

[HCP_25]
The cost of assistive technology was consistently perceived as

amajor barrier affecting the intention to use assistive robotics
technology among most of the participants.

Barrier —Interaction With Assistive Robotics

While practical constraints are linked to tangible barriersin the
daily lives of individuals with SCls, impacting their intention
to use assistive technology in general, a prominent theme
emerged focusing on the specific challenges of interacting with
assistive robotics. The main theme comprises 4 subthemes:
doubts about meaningfulness, uncertainty regarding reliability
and safety, uneasiness about competence, and apprehension of
socia norms.

Doubts About M eaningfulness

The participants reported several doubts about the
meaningfulness of assistive robotics technol ogy. Doubts about
the meaningfulness of assistive robotics were expressed
primarily by individuals with SCI, drawing on their own
previous experiences of technologies that had promised a lot
but delivered little, and were echoed by some HCPs.

A few of the participants had prior experiences of taking part
in user testing of robotic devices and some had experienceswith
advanced technologies such as speech synthesis and Alexa.
They emphasized that these technologies had not been very
meaningful to use in everyday life:

The hospital’s robotic arm | tried was large, with
numerous cords and a complex setup, making it
impractical for daily use. To be suitable for everyday
life, | envision a more discreet, easily deployable, and
user-friendly design with fewer machinery and
electronic components to make it useful. [SCI_9]

Another participant said:

I’ vetried using speech synthesis, but for two reasons,
I’ve given up oniit. Firstly, sometimesit goes well for
a couple of sentences and then it turnsinto compl ete
gibberish. Secondly, when constructing a text, you
often don’t have all the answers in your head at the
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beginning. You start writing, go back, and make
changes, rearrange and so on. This results in a
significant amount of editing work. Reversing,
erasing, and adjusting are not as straightforward
with voice. Dynamically building a text doesn’t always
mean having it fully clear inyour head fromthe start.
[SCI_1]
These quotes illustrate that the participants questioned the
usefulness of advanced technologies based on their prior
experience. There were aso participants who doubted the
useful ness of assistive robotic technol ogies based on what they
learned from other people and through media. They highlighted
that they often hear about |ife-changing technol ogiesfrom others
but doubt the truth in these stories:

Themedia offer peoplelikeus[individualswith spinal
cord injury] athousand stories, and then 95% of the
things are worthless. [SCI_3]

They did not believe what they heard dueto the lack of evidence.
Also, HCPs questioned the lack of evidence regarding the
benefits and usefulness of assistive robotic technologies:

| don’t think there is much scientific evidence in this
regard... [HCP_23]

Uncertainty Regarding Reliability and Safety
Uncertainty about reliability and safety was mentioned mainly
by relatives and health care professionals, while participants
with SCI themselves did not express these concerns as
frequently. Relatives stressed that assistive aids need not be
overly sophisticated; from their perspective, low-tech solutions
appeared safer. While assistive robotics technology may offer
extensive functionality, it also seemed to heighten the
apprehension about its reliability and safety. One rélative
emphasized,

...before it [a robot] performs a thousand functions,
it hasto be able to do a few basic ones in a safe and
reliable way... [REL_9]

HCPs al so underscored the importance of reliability and safety,
envisioning potential mishaps that could jeopardize the
well-being of individuals with SCIs. One HCP illustrated,

Imagine it’s [a robotic arm] feeding you, it turns off
and leaves you halfway with the fork in your mouth,
or it's combing your hair and leaves you with the
comb tucked into the hair. [HCP_13]

The uncertainty surrounding reliability and safety emerged as
asignificant barrier to the intention to use for both relativesand
HCPs.

Uneasiness About Competence

Uneasiness about competence referred both to individual s with
SCI doubting their own ability to manage complex technol ogies
and to relatives and HCPs questioning whether potential users
would be ableto operate assistive roboticsindependently. While
the participants with SCI did not raise a lot of concern about
reliability and safety, as opposed to relatives and HCPs, they
were instead uneasy about their own competence rather than
the technologies. Almost all the participants perceived robotics
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as advanced and complex technology and worried that it was
not for them due to their limited technological competence but
also their dependence on othersfor most thingsinlife. Thiswas
illustrated through their expressions, as demonstrated by

| am no longer autonomous at all. | went from being
the one who solved problems for othersto not being
able to do anything for anyone; now, they have to do
everything for me. [SCI_1]

| think that I’ve never used anything besides the
wheelchair, which is manual and the crutches.
[SCI_12]

| don’'t have any experience, | don’'t use technology.
[SCI_7]

Relatives and health care professionals were also uneasy about
the competence of individuals with SCI in using assistive
robotics. They drew on their own experience of helping them
to handle everyday life activities as well as technology. Asone
of therelatives said:

He will need another person to place or start the
robotic arm... after all that would not be a solution
because the person who is there would end up
assisting him more than the robotic arm. [REL_2]

This quote illustrates how the subthemes of doubts about
meaningfulness and uneasiness about competence are
interrelated. If the intended user does not have the competence
to use the technology by themselves, it decreases the
meaningfulness of the technology.

Apprehension of Social Norms

The subtheme, “apprehension of socia norms,” highlights
participants’ awareness of societal expectations and how others
perceive them. Apprehension of social norms was voiced
predominantly by individualswith SCI, with relativesand HCPs
recogni zing and sometimes sharing these concerns. Specifically,
when discussing robotic limbs, many participants expressed
concerns about being viewed as abnormal or strange.

They were already accustomed to being seen as“ different” with
1 participant noting,

... people may see you as if you were a robot or
something like that...people already look at us with
a strange face.

[SCI_13]
The fear was that adding a robotic finger or robotic arm would
further set them apart from what is considered “normal.”

HCPs and relatives shared similar reservations, expressing
doubts about the societal acceptance of robotics and robotic
limbs. One HCP remarked,

| see the exoskeleton, and they look like ‘ Robocop!
Besides, who would put this device to work for them
every day? [HCP_§]
The comment not only pointsto worries about social appearance
but also doubts about whether the everyday effort required to
set up and use assistive robotics would be perceived as
worthwhile.
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As the last quotation illustrates, participants reported that
thoughts about robotics and robotic limbs often evoke images
from movies depi cting humans becoming part-robot. However,
their concerns also extend to the practical aspects of using such
devices, tying back to the subtheme of the perception of
meaningful ness.

Enablers

Alongside barriers, our analysis of the data revealed enablers
for the intention to use assistive robotics, such astheimaginings
of greater self-efficacy and independence. We interpreted the
enablers as “imaginings’ because they appear to be rooted in
hopes and wishes for a different future. The imaginings were
not specificaly related to assistive robotics but rather to assistive
aids in genera or life in general. While the barriers described
hindered participants’ intentions to use assistive robotics
significantly, the participants also emphasized enablers or
imagined solutions. The 2 main enabler themes: “imaginings
of greater self-efficacy” and “imaginings of fulfillment of
functional requirements’ capture how participants envisioned
assistive robotics as potentially transforming everyday life, even
while simultaneously doubting whether such visions would
materialize.

Imaginings of Greater Self-Efficacy

A significant number of participants expressed a desire for
increased independence and the ability to resumetheir pre-SCI
lifestyle. While many participants had come to termswith their
injury, itsemotional impact remained, asthey found themselves
unable to lead the life they once did. Participants expressed a
keen appreciation for any opportunity for improvement and
assistance:

All aids that could potentially enhance my function
would be very welcome. [SCI_5]

Participants mostly discussed aidsin general that could enhance
their independence, rather than making specific reference to
assistiverobotics or robotic limbs. They did not specify thetype
of aids but rather conveyed their desires to carry out daily
activities independently:

| would like to be able to use it [a robotic limb]

mainly for cleaning myself, eating, drinking, putting

on shoes, dressing, that kind of thing that allows me

to be more autonomous. | don't know the possibilities,

the more functions, the better. Give me as much

autonomy as possible. [SCI_2]
The majority of the participantswith SCls expressed imaginings
of having greater self-efficacy. Such imaginings could be
understood as a desire to explore all possible technologies or
aids for increased independence. However, the empirical data
showed that they mostly used low-tech technology and perceived
much technology as lacking meaningfulness to them (as
illustrated above).

Imaginings of Fulfilment of Functional Requirements

When discussing factors influencing the intention to use,
“imaginings of fulfilment of requirements’ emerged as one of
the most significant enablers. Aids or assistive technology need
to be, according to the participants, “ user-friendly” and easy to
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learn. Participants emphasised various requirements, with
statements such as

.itiscrucial to consider affordability, esthetic appeal
and ease of application and maneuvering. [HCP_3]

Resistance to wear and tear, absence of daily
problems, ease of repair and reliable technical
support are essential. [REL_4]

If thetechnology met all these requirements, then it could serve
as an enabler for intention to use, according to the participants.

Discussion

Principal Findings

This study explored how individuals with SCI, their relatives,
and HCPsin Sweden and Spain conceptualize assistive robotics
in general and SRLsin particular, and which factors shapetheir
intention to use assistive robotics.

Our findings complement previous research that has focused
on specific robotic devices and their usability [52,53] and on
general patterns of assistive technology adoption and
abandonment [7,13,14,54-56]. Coherent with previousresearch,
participants in our study were interested in emerging
technologies that could support activities of daily living;
nevertheless, they also highlighted usability, cost, and stigma
as key challenges. Our contribution lies in showing how such
issues play out for emerging assistive robotics such as SRLs
and in demonstrating how expectations and doubts are
distributed across multiple stakeholder groups.

Relating thefindingsto TAM and UTAUT

Viewing our findings through the UTAUT and TAM lens
[10,11], our barriers and enablers can be mapped onto core
constructswhile also extending them. The theme* doubts about
meaningfulness’ corresponds closely with performance
expectancy or perceived usefulness. Thus, the participants
guestioned whether assistive robotics would make everyday
life easier or add complexity. Subthemes of uncertainty
regarding reliability, safety, and uneasiness about competence
relate to effort expectancy and facilitating conditions. Hence,
relatives and HCPs worried about malfunctions and safety,
while individuals with SCI doubted their ability to operate
assistive robotics, which were perceived as complex
technologies. Apprehension of social norms directly reflects
the UTUAT construct on social influence, as individuals with
SCI anticipated being perceived as “too robotic” or “strange’
when using visible robotic limbs in public.

The practical constraint subthemes. “navigating a changing
reality,” “ difficultieswith awareness and access,” and “ concerns
about costs’ speak directly to facilitating conditions. Participants
highlighted limited information pathways, lack of knowledge
in municipal services and financial barriers, even in subsidized
health care systems like the Swedish one [50]. The findings
underscore that the intention to use assistive robotsis not only
based on the individual attitude but shaped by broader health
care system infrastructures and funding arrangements.

The enabler subtheme, “imaginaries of greater self-efficacy”
and “imaginings of fulfilment of functional requirements,” align
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with the behavioral intention construct in TAM and UTUAT
[10,11]. Participants imagined assistive robotics that were
reliable, aesthetically acceptable, and well supported, and that
assistive robotics would allow them to reclaim valued activities
such as self-care, eating, and dressing. However, many
participants al so doubted that currently available or near-future
assistive robotics would fully meet these requirements,
suggesting a gap between positive behavioral intention and
realistic expectations about actual use.

Sociotechnical Imaginaries

Building on our reference to “sociotechnical imaginaries’ in
the results, we recognized the interplay between expectations
and broader sociotechnical narratives, echoing discussions of
the myth of technol ogy and its advancement in the participants’
perceptions of assistive robotics. As Mayor describes in her
book “ Gods and Robots: Myths, Machinesand Ancient Dreams
of Technology” [57] new technologies often elicit both hope
and apprehension [58,59] and can be viewed as modern myths
[60,61]. Theimaginariesor enablersweidentified in our analysis
presented a paradox. We term the tension the “ meaningful ness
paradox,” as participants expressed doubt about the
meaningfulness of assistive robotics, their competency in
handling the technology, its safety, and reliability. At the same
time, they also spoke about how assistive technology could
enhance self-efficacy if it met dl functiona requirements (which
they doubted).

Thus, while TAM and UTUAT focus primarily on individual
beliefs and intentions [10,11], drawing on the concepts of
sociotechnical imaginaries [15-19] enables us to situate the
participants' beliefs within broader collective visions of what
assistive robotics could or should do. Participants’ imaginings
of independence, reduced caregiver burden, and improved
quality of life echo existing imaginaries of roboticsasasolution
to workforce shortages and increasing care demands [62-64].
At the same time, the participants narratives revealed a
persistent gap between idealized expectations and lived redlities,
including pain, fatigue, cognitiveload, and bureaucratic hurdles.
For example, some participants contrasted media portrayal's of
robots with their own experiences of bulky robotic arms that
were too demanding to set up and operate.

Thetension was especially visiblewhen participants contrasted
the promise of SRLs with their experiences of earlier assistive
robotic devices they had tried, which turned out to be
cumbersome and unreliable. Assuch, sociotechnical imaginaries
therefore function both as enablers for adoption, motivating
interest in trying out emerging technologies, and as a potential
source of disappointment if the assistive robotic device cannot
live up to the expectations. Our findings suggest that managing
the expectation gap is important in order to avoid future
abandonment of assistive robotics, echoing previous calls for
more realistic and relational approaches to social robots and
care technologies [22,65].

Implications for Research and Practice

Our findings suggest considerationsfor the future devel opment
of assistive robotics. They indicate that the participants
perceptions and conceptualizations of assistive robotics were

JMIR Rehabil Assist Technol 2026 | vol. 13 | €72080 | p.204
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

informed by ideas and sociotechnical imaginaries. Theanalysis
underscores how idealized visions intersect with intention to
use, where individuals may express a desire to use assistive
robotics while simultaneously encountering barriers that
complicate the trandation of intent into action. Rather than
framing identified barriers solely as obstaclesto adoption, they
can be understood as part of a broader negotiation between
technical expectations and lived experiences [65]. This
perspective shifts the focus from “non-compliant users’ to
assistive robotic systems and design that may not yet be well
aligned with everyday redlities of individuals with SCI and
those who care for them.

For designers and engineers, our results highlight theimportance
of focusing on everyday meaningfulness rather than technical
sophistication alone. Thus, prioritizing functions that users,
relatives, and HCPs perceive as most valuable (such as self-care
tasks), minimizing setup time and cognitive load. Furthermore,
the subtheme* apprehension of social norms’ indicates aesthetics
and visibility matter. Hence, the participants did not want to
look “ different” or “too robotic.” Assuch, the design of assistive
robotic devices needs to be compatible with the user's
self-perception, for example, by allowing robotic components
to be concealed under clothing.

For clinicians and HCPs, our findings point to a need for clear
pathways for identifying suitable candidates for assistive
robotics, providing realistic information about benefits and
limitations, aswell astraining and foll ow-up support. Structured
introduction protocols, where assistive robotics are tried out in
supervised sessions and then revisited after a trial period at
home, may help individuals with SCI, relatives, and HCPs
jointly assess whether the technology is useful or not. HCPs
themselves also need opportunities and time to familiarize
themselves with emerging technologies. Without having the
time to familiarize themselves with emerging technologies, the
rapid technological change of health care technologies may be
perceived as additional workload instead of as support.

For policymakers and funders, ongoing concerns about costs
and access underscore the need for devel oping reimbursement
models and procurement strategies that make assistive robotics
financially accessible, while also ensuring that funding covers
training and maintenance. Models that support periodic
reassessment may be needed to match the fluctuating needs of
peoplewith SCI. Involving peoplewith SCI, their relatives, and
HCPs in priority-setting and evaluation processes may help
align investments with what is perceived as useful in everyday
life.

Asevidenced by numerous studies, the process of adopting new
technology isfar fromlinear [16,66,67]. Individuals' perceptions
and intentions to either embrace or reject a technology are not
static; rather, they are dynamic, continually shaped and
negotiated as people interact with the technology [68]. Our
results suggest that the ways individuals with SCI engage with
assistive technol ogies are contingent on their lived experiences,
evolving needs, and changing technological landscape.
Overhyping the capabilities of assistive robotics risksfostering
unrealistic expectations that could shape disengagement and
disappointment [69]. Rather than focusing on promotional
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narratives, thereisvaluein exploring how assistiverobotics are
experienced and imagined within participants everyday lives.
As researchers, we can contribute by facilitating discussions
that reflect both possibilitiesand limitations, offering agrounded
perspective on what assistive robotics can achieve and the type
of support they can provide [65].

Limitations of the Study

A limitation of this study is that the inclusion and exclusion
criteriadid not take into account participants’ time sinceinjury,
prior use of assistive technol ogy, or whether they had compl eted
comprehensive rehabilitation. The sampling strategy was a
deliberate choice intended to invite a diverse range of
perspectives and lived experiences, rather than predefining the
sample based on rehabilitation history or technological exposure.
However, we acknowledge that prior rehabilitation experiences
and the use of assistive technologies may have shaped
participants’ attitudes toward adopting new assistive robotics
solutions. Thus, the findings reported in the paper pertain to
individuals with SCls, congtituting a highly heterogeneous
group. Rather than viewing heterogeneity as alimitation alone,
heterogeneity among the participants hopefully brought amore
layered understanding of varying expectations, needs, and
concerns surrounding assistive robotics. Nonethel ess, the study
has been strengthened by involving individualsfrom 2 different
countries, as well as including relatives and HCPs. Therefore,
the findings are likely to be beneficial for developers,
practitioners, and researchers working on projects with similar
technologies and characteristics for the target group.

Another limitation, but also an interpretive choice, was the use
of the UTAUT as a lens when discussing the findings. The
conceptual framings were used to help interpret and frame
overarching patterns from the findings in the discussion. The
datawerefirst analyzed inductively, seeking all themeswithout
being led by the need to fit participants’ perceptions into a
certain framework. As such, the interplay between emergent
interpretation and structured theory did not impose a rigid
framework but instead facilitated a dynamic engagement when
discussing thefindings, allowing both participant-driven insights
and established conceptual framingsto emerge. Theinterpretive
approach was conducted with attention to maintaining therigor
of qualitative research. The recurring patterns observed in the
datasuggest not only coherence but al so shared meaningsamong
participants. Even so, using TAM and UTAUT may foreground
certain aspects of technology acceptance while overlooking
others. Future research could draw on aternative frameworks.

An additional limitation of the study was that the participants
expressed gratitude for participating in the interviews and
workshops, which may result in overly positive attitudestoward
assistive robotics. However, as seen in the results, the data
revealed multiple barriers to the intention to use, as interpreted
inour analysis, which suggeststhat expressions of gratitudedid
not necessarily equate to uncritical acceptance of assistive
robotics but coexisted with articulated concerns and constraints.

Conclusions

This study showsthat intentionsto use assistive robotics among
individuals with SCI, their relatives, and HCPs are shaped by
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a combination of barriers and enablers. The findings revealed
that the barriers were clustered around practical constraints
(such as navigating new realities, fluctuating health, limited
awareness and access, and concerns about costs) and interaction
with assistive robotics (including doubts about meaningful ness,
uncertainty regarding reliability and safety, uneasiness about
competence, and apprehension of socia norms). Individuals
with SCI described fluctuating pain, fatigue, and transition
periods after discharge as making it difficult to invest energy
inlearning and using assistive robotics, while HCPs highlighted
how continuous technological change increased their workload
and required repeated training. Difficulties with awareness and
access were mainly voiced by individuals with SCI and their
relatives, who experienced fragmented information and limited
support, whereas healthcare professionals perceived a wide
range of available ai dsthat were neverthel ess seldom prescribed.
Concerns about costs were shared by all 3 stakeholder groups
and were seen asamajor barrier to the intention to use assistive
robotics.

The theme of *interaction with assistive robotics’ revealed
doubts about meaningfulness, uncertainty about reliability and
safety, uneasiness about competence, and apprehension of social

Frennert et d

norms. Individualswith SCI tended to question their own ability
to manage complex technologies such as assistive robotics in
everyday life, while relatives and HCPs questioned whether
assistive robotics would reduce dependence. Apprehension of
social norms was voiced predominantly by individuals with
SCI, who feared that visible robotic limbs would reinforce
perceptions of them as “different” At the same time,
participants’ imaginings of greater self-efficacy and fulfillment
of functional requirements, often expressed as hopes of regaining
pre-injury abilities and reducing dependence on others,
functioned as important enablers across groups. We
conceptualized the pattern of ambivalence as a meaningfulness
paradox, as participants expressed doubts about the
meaningfulness of assistive roboticsin everyday life, their own
competence in handling assistive robotics, and their safety and
reliability. Nonetheless, they also spoke about how assistive
robotics could enhance self-efficacy if assistive robotics met
all functional requirements, a circumstance they often doubted.
The results suggest that assi stive robotics should be understood
in relation to the complexities of everyday lifewith SCI, caring
relationships, and the imaginaries that shape how emerging
technologies are perceived.

Acknowledgments
We thank all the participants.

Funding

This work was partially supported by the European Union (EU) project HARIA—Human—-Robot Sensorimotor
Augmentation—Wearable Sensorimotor I nterfaces and Supernumerary Robotic Limbs for Humans with upper-limb disabilities
(grant agreement No. 101070292). Views and opinions expressed are however those of the authors only and do not necessarily
reflect those of the EU or CINEA. Neither the EU nor the granting authority can be held responsible for them.

Data Availability

Dataare not publicly available dueto ethical restrictions concerning participant privacy, in accordance with Swedish and Spanish
regulations and ethics committee approvals but may be accessed by approved researchers after a data use agreement.

Conflictsof Interest
None declared.

Multimedia Appendix 1
Guidelines for in-depth workshop with individuals with a spinal cord injury.
[PDF File, 61 KB - rehab_v13i1€72080_appl.pdf ]

Multimedia Appendix 2
Interview guide for patients.
[PDFE File, 56 KB - rehab_v13i1€72080_app2.pdf ]

Multimedia Appendix 3
Interview guide for relatives.
[PDE File, 57 KB - rehab_v13i1€72080_app3.pdf ]

Multimedia Appendix 4
Interview guide for health care professionals.
[PDE File, 65 KB - rehab_v13i1€72080_app4.pdf ]

https://rehab.jmir.org/2026/1/€72080 JMIR Rehabil Assist Technol 2026 | vol. 13 | €72080 | p.206

(page number not for citation purposes)


https://jmir.org/api/download?alt_name=rehab_v13i1e72080_app1.pdf&filename=623ae007-0c3d-11f1-a957-5b1b2c8157ae.pdf
https://jmir.org/api/download?alt_name=rehab_v13i1e72080_app1.pdf&filename=623ae007-0c3d-11f1-a957-5b1b2c8157ae.pdf
https://jmir.org/api/download?alt_name=rehab_v13i1e72080_app2.pdf&filename=624e19e1-0c3d-11f1-a957-5b1b2c8157ae.pdf
https://jmir.org/api/download?alt_name=rehab_v13i1e72080_app2.pdf&filename=624e19e1-0c3d-11f1-a957-5b1b2c8157ae.pdf
https://jmir.org/api/download?alt_name=rehab_v13i1e72080_app3.pdf&filename=6260b781-0c3d-11f1-a957-5b1b2c8157ae.pdf
https://jmir.org/api/download?alt_name=rehab_v13i1e72080_app3.pdf&filename=6260b781-0c3d-11f1-a957-5b1b2c8157ae.pdf
https://jmir.org/api/download?alt_name=rehab_v13i1e72080_app4.pdf&filename=6274dbc1-0c3d-11f1-a957-5b1b2c8157ae.pdf
https://jmir.org/api/download?alt_name=rehab_v13i1e72080_app4.pdf&filename=6274dbc1-0c3d-11f1-a957-5b1b2c8157ae.pdf
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Frennert et &

Multimedia Appendix 5
Guidelines workshops with health care professionals.
[PDE File, 61 KB - rehab_v13i1€72080_app5.pdf ]

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Hauwe LV D, Sundgren PC, Flanders AE. Spinal traumaand spinal cord injury (SCI). In: Diseases of the Brain, Head and
Neck, Spine 2020—2023: Diagnostic Imaging: Springer; 2020:231-240. [doi: 10.1007/978-3-030-38490-6_19] [Medline:
3211924Q]

Wagner A, Schweizer C, Ronca E, Gemperli A. The most important assistive devices for persons with spinal cord injury
in Switzerland: a cross-sectional study. Disabilities 2023;3(3):367-378. [doi: 10.3390/disabilities3030024]

Kemp CC, Edsinger A, Clever HM, Matulevich B. The design of stretch: a compact, lightweight mobile manipulator for
indoor human environments. Presented at: 2022 | EEE International Conference on Roboticsand Automation (ICRA); May
23-27, 2022; Philadel phia, PA, USA p. 3150-3157. [doi: 10.1109/I CRA46639.2022.9811922]

Schultz JR, Slifkin AB, Yu H, Schearer EM. Proof-of-concept: a hands-free interface for robot-assisted self-feeding.
Presented at: 2022 International Conference on Rehabilitation Robotics (I CORR); Jul 25-29, 2022; Rotterdam, Netherlands
p. 1-6. [doi: 10.1109/I CORR55369.2022.9896535]

Cruz DM, Emmel ML G, Manzini MG, Braga Mendes PV. Assistive technol ogy accessibility and abandonment: challenges
for occupational therapists. Open J Occup Ther 2016;4(1):10. [doi: 10.15453/2168-6408.1166]

Lusardi R, Tomelleri S, Wherton J. Living with assistive robotics: exploring the everyday use of exoskeleton for persons
with spinal cord injury. Front Med Technol 2021;3:747632. [doi: 10.3389/fmedt.2021.747632] [Medline; 35047959]
Sugawara AT, Ramos VD, Alfieri FM, BattistellaLR. Abandonment of assistive products: assessing abandonment levels
and factorsthat impact oniit. Disabil Rehabil Assist Technol 2018 Oct;13(7):716-723. [doi: 10.1080/17483107.2018.1425748]
[Medline: 29334475]

Jafar MR, Nagesh DS. Literature review on assistive devices available for quadriplegic people: Indian context. Disabil
Rehabil Assist Technol 2023 Aug;18(6):929-941. [doi: 10.1080/17483107.2021.1938708] [Medline: 34176416]

Ventura S, Ottoboni G, Pappada A, Tessari A. Acceptance of assistive technology by users with motor disabilities due to
spinal cord or acquired braininjuries. asystematic review. JClin Med 2023 Apr 19;12(8):2962. [doi: 10.3390/jcm12082962]
[Medline: 37109297]

Davis FD. Perceived usefulness, perceived ease of use, and user acceptance of information technology. MIS Q 1989 Sep
1;13(3):319-340. [doi: 10.2307/249008]

Venkatesh V, Morris MG, Davis GB, Davis FD. User acceptance of information technology: toward a unified viewl. MIS
Q 2003 Sep 1;27(3):425-478. [doi: 10.2307/30036540]

Pekkarinen S, Hennala L, Tuisku O, et al. Embedding care robots into society and practice: socio-technical considerations.
Futures 2020 Sep;122:102593. [doi: 10.1016/j.futures.2020.102593]

Dos Santos ADP, Ferrari ALM, Medola FO, Sandnes FE. Aesthetics and the perceived stigma of assistive technology for
visual impairment. Disabil Rehabil Assist Technol 2022 Feb;17(2):152-158. [doi: 10.1080/17483107.2020.1768308]
[Medline: 32501732]

Barbareschi G, Carew MT, Johnson EA, Kopi N, Holloway C. “When They See a Wheelchair, They've Not Even Seen
Me” -factors shaping the experience of disability stigmaand discrimination in Kenya. Int JEnviron Res Public Health 2021
Apr 17;18(8):4272. [doi: 10.3390/ijerph18084272] [Medline: 33920601]

Jasanoff S, Kim SH. Dreamscapes of Modernity: Sociotechnical Imaginaries and the Fabrication of Power: University of
Chicago Press; 2015. URL: https://doi.org/10.7208/chicago/9780226276663.001.0001 [accessed 2026-01-18]

Latour B. Reassembling the Social: An Introduction to Actor-Network-Theory: Oxford University Press; 2007. URL : https./
/doi.org/10.1093/0s0/9780199256044.001.0001 [accessed 2026-01-18]

Bijker WE, Hughes TP, Pinch T. The Social Construction of Technological Systems. New Directionsin the Sociology and
History of Technology: MIT press; 1987. URL: https.//monoskop.org/images/1/1f/

Bijker Hughes Pinch eds The Social_Construction_of Technological _Systems.

_New_Directions in_the Sociology_and History_of_Technology nho OCR.pdf [accessed 2026-01-13]

Akrich M. The de-scription of technical objects. In: Bijker WE, Law J, editors. Shaping Technology/Building Society:
Studies in Sociotechnical Change: MIT press; 1992:205-224. [doi: 10.4000/tc.863]

Sand M, Schneider C. Visioneering socio-technical innovations — amissing piece of the puzzle. Nanoethics 2017
Apr;11(1):19-29. [doi: 10.1007/s11569-017-0293-6]

Mekki M, Delgado AD, Fry A, Putrino D, Huang V. Robotic rehabilitation and spinal cord injury: a narrative review.
Neurotherapeutics 2018 Jul;15(3):604-617. [doi: 10.1007/s13311-018-0642-3] [Medline: 29987763]

HolandaLJ, SilvaPMM, Amorim TC, LacerdaMO, Simdo CR, Morya E. Robotic assisted gait as atool for rehabilitation
of individuals with spinal cord injury: a systematic review. J Neuroeng Rehabil 2017 Dec 4;14(1):126. [doi:
10.1186/s12984-017-0338-7] [Medline: 29202845]

https://rehab.jmir.org/2026/1/€72080 JMIR Rehabil Assist Technol 2026 | vol. 13 | €72080 | p.207

(page number not for citation purposes)


https://jmir.org/api/download?alt_name=rehab_v13i1e72080_app5.pdf&filename=6286dd21-0c3d-11f1-a957-5b1b2c8157ae.pdf
https://jmir.org/api/download?alt_name=rehab_v13i1e72080_app5.pdf&filename=6286dd21-0c3d-11f1-a957-5b1b2c8157ae.pdf
http://dx.doi.org/10.1007/978-3-030-38490-6_19
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32119240&dopt=Abstract
http://dx.doi.org/10.3390/disabilities3030024
http://dx.doi.org/10.1109/ICRA46639.2022.9811922
http://dx.doi.org/10.1109/ICORR55369.2022.9896535
http://dx.doi.org/10.15453/2168-6408.1166
http://dx.doi.org/10.3389/fmedt.2021.747632
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35047959&dopt=Abstract
http://dx.doi.org/10.1080/17483107.2018.1425748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29334475&dopt=Abstract
http://dx.doi.org/10.1080/17483107.2021.1938708
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34176416&dopt=Abstract
http://dx.doi.org/10.3390/jcm12082962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37109297&dopt=Abstract
http://dx.doi.org/10.2307/249008
http://dx.doi.org/10.2307/30036540
http://dx.doi.org/10.1016/j.futures.2020.102593
http://dx.doi.org/10.1080/17483107.2020.1768308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32501732&dopt=Abstract
http://dx.doi.org/10.3390/ijerph18084272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33920601&dopt=Abstract
https://doi.org/10.7208/chicago/9780226276663.001.0001
https://doi.org/10.1093/oso/9780199256044.001.0001
https://doi.org/10.1093/oso/9780199256044.001.0001
https://monoskop.org/images/1/1f/Bijker_Hughes_Pinch_eds_The_Social_Construction_of_Technological_Systems._New_Directions_in_the_Sociology_and_History_of_Technology_no_OCR.pdf
https://monoskop.org/images/1/1f/Bijker_Hughes_Pinch_eds_The_Social_Construction_of_Technological_Systems._New_Directions_in_the_Sociology_and_History_of_Technology_no_OCR.pdf
https://monoskop.org/images/1/1f/Bijker_Hughes_Pinch_eds_The_Social_Construction_of_Technological_Systems._New_Directions_in_the_Sociology_and_History_of_Technology_no_OCR.pdf
http://dx.doi.org/10.4000/tc.863
http://dx.doi.org/10.1007/s11569-017-0293-6
http://dx.doi.org/10.1007/s13311-018-0642-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29987763&dopt=Abstract
http://dx.doi.org/10.1186/s12984-017-0338-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29202845&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Frennert et &

22. Langer A, Feingold-Polak R, Mueller O, Kellmeyer P, Levy-Tzedek S. Trust in socially assistive robots: considerations
for usein rehabilitation. Neurosci Biobehav Rev 2019 Sep;104:231-239. [doi: 10.1016/j.neubiorev.2019.07.014] [Medline:
31348963]

23.  Trenaman LM, Miller WC, Escorpizo R, SCIRE Research Team. I nterventionsfor improving employment outcomes among
individualswith spinal cord injury: asystematic review. Spinal Cord 2014 Nov;52(11):788-794. [doi: 10.1038/sc.2014.149]
[Medline: 25179659]

24. Lidal IB, Huynh TK, Biering-Sarensen F. Return to work following spinal cord injury: areview. Disabil Rehabil 2007 Sep
15;29(17):1341-1375. [doi: 10.1080/09638280701320839] [Medline: 17729082]

25. Badassin V, Shimizu HE, Fachin-Martins E. Computer assistive technology and associations with quality of life for
individuals with spinal cord injury: a systematic review. Qual Life Res 2018 Mar;27(3):597-607. [doi:
10.1007/s11136-018-1804-9] [Medline: 29417427]

26. Collinger JL, Boninger ML, Bruns TM, Curley K, Wang W, Weber DJ. Functional priorities, assistive technology, and
brain-computer interfaces after spinal cord injury. JRehabil Res Dev 2013;50(2):145-160. [doi: 10.1682/jrrd.2011.11.0213]
[Medline: 23760996]

27. Scivoletto G, Galli G, Torre M, Molinari M, Pazzaglia M. The overlooked outcome measure for spinal cord injury: use of
assistive devices. Front Neurol 2019;10:272. [doi: 10.3389/fneur.2019.00272] [Medline: 30967836]

28. Kabir KS, Alsaleem A, Wiese J. The Impact of Spinal Cord Injury on Participation in Human-Centered Research. 2021
Jun 28 Presented at: DIS’21; Jun 28 to Jul 2, 2021; Virtual Event USA p. 1902-1914. [doi: 10.1145/3461778.3462122]

29. Khaid S, Alngjjar F, Gochoo M, Renawi A, Shimoda S. Robotic assistive and rehabilitation devices leading to motor
recovery in upper limb: a systematic review. Disabil Rehabil Assist Technol 2023 Jul;18(5):658-672. [doi:
10.1080/17483107.2021.1906960] [Medline: 33861684]

30. Proietti T, Ambrosini E, Pedrocchi A, Micera S. Wearable robotics for impaired upper-limb assistance and rehabilitation:
state of the art and future perspectives. IEEE Access 2022;10:106117-106134. [doi: 10.1109/ACCESS.2022.3210514]

31. Guatibonza A, Solaque L, Velasco A, Pefiuela L. Assistive robotics for upper limb physical rehabilitation: a systematic
review and future prospects. Chin J Mech Eng 2024;37(1):69. [doi: 10.1186/s10033-024-01056-y]

32. HoJSw, Ko KSY, Law SW, Man GCW. The effectiveness of robotic-assisted upper limb rehabilitation to improve upper
limb function in patients with cervical spinal cord injuries: a systematic literature review. Front Neurol 2023;14:1126755.
[doi: 10.3389/fneur.2023.1126755] [Medline: 37621855]

33. Martinez-Hernandez U, Metcalfe B, Assaf T, Jabban L, Male J, Zhang D. Wearable assistive robotics: a perspective on
current challenges and future trends. Sensors (Basel) 2021 Oct 12;21(20):6751. [doi: 10.3390/s21206751] [Medline:
34695964]

34. Pindli E, Zinno R, Barone G, Bragonzoni L. Barriers and facilitators to exoskel eton use in persons with spinal cord injury:
asystematic review. Disabil Rehabil Assist Technol 2024 Aug;19(6):2355-2363. [doi: 10.1080/17483107.2023.2287153]
[Medline: 38009458]

35. HARIA. HARIA Human-Robot Sensorimotor Augmentation. URL: https://clem.diism.unisi.it/~haria[accessed 2026-01-13]

36. Yang B, Huang J, Chen X, Xiong C, Hasegawa Y. Supernumerary robotic limbs: areview and future outlook. |EEE Trans
Med Robot Bionics 2021;3(3):623-639. [doi: 10.1109/TMRB.2021.3086016]

37. Prattichizzo D, Pozzi M, Lisini Baldi T, et al. Human augmentation by wearable supernumerary robotic limbs: review and
perspectives. Prog Biomed Eng (Bristol) 2021 Sep 17;3(4):042005. [doi: 10.1088/2516-1091/ac2294] [Medline: 41367033]

38. Pozzi M, Malvezzi M, Prattichizzo D, Salvietti G. Actuated palms for soft robotic hands: review and perspectives.
|EEE/ASME Trans Mechatron 2023;29(2):902-912. [doi: 10.1109/TM ECH.2023.3328944]

39. BoV, TurcoE, Pozzi M, Malvezzi M, Prattichizzo D. A data-driven topol ogy optimization framework for designing robotic
grippers. Presented at: 2023 | EEE International Conference on Soft Robotics (RoboSoft); Apr 3-7, 2023; Singapore p. 1-6.
[doi: 10.1109/RoboSoft55895.2023.10122000]

40. BraunV, Clarke V. Using thematic analysis in psychology. Qual Res Psychol 2006 Jan;3(2):77-101. [doi:
10.1191/14780887060p0630a]

41. ClarkeV, BraunV. Thematic analysis. JPosit Psychol 2017 May 4;12(3):297-298. [doi: 10.1080/17439760.2016.1262613]

42.  AdamsWC. Conducting semi - structured interviews. In: Handbook of Practical Program Evaluation: Wiley; 2015:492-505.
[doi: 10.1002/9781119171386]

43. drngreen R, Levinsen KT. Workshops as a research methodology. Electron J E-Learn 2017;15(1):70-81 [FREE Full text]

44. KallioH, Pietila AM, Johnson M, Kangasniemi M. Systematic methodological review: developing aframework for a
gualitative semi-structured interview guide. J Adv Nurs 2016 Dec;72(12):2954-2965. [doi: 10.1111/jan.13031] [Medline:
27221824]

45. KvaesS, Brinkmann S. Interviews: Learning the Craft of Qualitative Research Interviewing: sage; 2009. URL: https:/libris.
kb.se/bib/10957812 [accessed 2026-01-18]

46. Hussain |, Spagnoletti G, Salvietti G, Prattichizzo D. An EMG interface for the control of motion and compliance of a
supernumerary robotic finger. Front Neurorobot 2016;10:18. [doi: 10.3389/fnbot.2016.00018] [Medline: 27891088]

47. CandelaAG. Exploring the function of member checking. TQR 2019;24(3):619-628. [doi: 10.46743/2160-3715/2019.3726)]

https://rehab.jmir.org/2026/1/€72080 JMIR Rehabil Assist Technol 2026 | vol. 13| €72080 | p.208

(page number not for citation purposes)


http://dx.doi.org/10.1016/j.neubiorev.2019.07.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31348963&dopt=Abstract
http://dx.doi.org/10.1038/sc.2014.149
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25179659&dopt=Abstract
http://dx.doi.org/10.1080/09638280701320839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17729082&dopt=Abstract
http://dx.doi.org/10.1007/s11136-018-1804-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29417427&dopt=Abstract
http://dx.doi.org/10.1682/jrrd.2011.11.0213
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23760996&dopt=Abstract
http://dx.doi.org/10.3389/fneur.2019.00272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30967836&dopt=Abstract
http://dx.doi.org/10.1145/3461778.3462122
http://dx.doi.org/10.1080/17483107.2021.1906960
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33861684&dopt=Abstract
http://dx.doi.org/10.1109/ACCESS.2022.3210514
http://dx.doi.org/10.1186/s10033-024-01056-y
http://dx.doi.org/10.3389/fneur.2023.1126755
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37621855&dopt=Abstract
http://dx.doi.org/10.3390/s21206751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34695964&dopt=Abstract
http://dx.doi.org/10.1080/17483107.2023.2287153
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38009458&dopt=Abstract
https://clem.diism.unisi.it/~haria
http://dx.doi.org/10.1109/TMRB.2021.3086016
http://dx.doi.org/10.1088/2516-1091/ac2294
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=41367033&dopt=Abstract
http://dx.doi.org/10.1109/TMECH.2023.3328944
http://dx.doi.org/10.1109/RoboSoft55895.2023.10122000
http://dx.doi.org/10.1191/1478088706qp063oa
http://dx.doi.org/10.1080/17439760.2016.1262613
http://dx.doi.org/10.1002/9781119171386
https://files.eric.ed.gov/fulltext/EJ1140102.pdf
http://dx.doi.org/10.1111/jan.13031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27221824&dopt=Abstract
https://libris.kb.se/bib/10957812
https://libris.kb.se/bib/10957812
http://dx.doi.org/10.3389/fnbot.2016.00018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27891088&dopt=Abstract
http://dx.doi.org/10.46743/2160-3715/2019.3726
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Frennert et &

48.

49,

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

Birt L, Scott S, Cavers D, Campbell C, Walter F. Member checking: atool to enhance trustworthiness or merely anod to
validation? Qual Health Res 2016 Nov;26(13):1802-1811. [doi: 10.1177/1049732316654870] [Medline: 27340178]
Motulsky SL. Ismember checking the gold standard of quality in qualitative research? Qualitative Psychology
2021;8(3):389-406. [doi: 10.1037/qup0000215]

Ludvigsson JF, Bergman D, Lundgren Cl, et al. The healthcare system in Sweden. Eur JEpidemiol 2025 May;40(5):563-579.
[doi: 10.1007/s10654-025-01226-9] [Medline: 40383868]

Bernal-Delgado E, Angulo-Pueyo E, Ridao-Ldpez M, et al. Spain: health system review. Health Syst Transit 2024
Sep;26(3):1-187. [Medline: 40094303]

Jardén A, Gil A, delaPefia Al, Monje CA, Balaguer C. Usability assessment of ASIBOT: a portable robot to aid patients
with spinal cord injury. Disabil Rehabil Assist Technol 2011;6(4):320-330. [doi: 10.3109/17483107.2010.528144] [Medline:
20969432]

Laubacher M, Perret C, Hunt KJ. Work-rate-guided exercise testing in patients with incomplete spinal cord injury using a
robotics-assisted tilt-table. Disabil Rehabil Assist Technol 2015;10(5):433-438. [doi: 10.3109/17483107.2014.908246]
[Medline: 24712412]

AlmenaraM, Cempini M, Gémez C, et al. Usability test of ahand exoskeleton for activities of daily living: an example of
user-centered design. Disabil Rehabil Assist Technol 2017 Jan;12(1):84-96. [doi: 10.3109/17483107.2015.1079653]
[Medline: 26376019]

Riemer-Reiss ML. Applying Rogers' Diffusion of Innovations Theory to assistive technology discontinuance. J Appl
Rehabil Couns 1999 Dec 1;30(4):16-21. [doi: 10.1891/0047-2220.30.4.16]

Yusif S, Soar J, Hafeez-Baig A. Older people, assistive technol ogies, and the barriers to adoption: a systematic review. Int
JMed Inform 2016 Oct;94:112-116. [doi: 10.1016/j.ijmedinf.2016.07.004] [Medline: 27573318]

Mayor A. Gods and Rabots: Myths, Machines, and Ancient Dreams of Technology: Princeton University Press; 2019.
URL: https://journeytothewestresearch.com/wp-content/upl oads/2022/09/

Gods-and-Robots-Myths-M achines-and-Ancient-Dreams-of - Technol ogy-2018.pdf [accessed 2026-01-13]

Corn JJ. Imagining Tomorrow: History, Technology, and the American Future 1986. URL: https://libris.kb.se/bib/4738000
[accessed 2026-01-18]

Natale S. Introduction: new media and the imagination of the future. : WI; 2014 URL: https./iris.unito.it/bitstream/2318/
1768946/1/PUBLISHED_Natale introduction-new-media-and-the-imagination-of-the-future.pdf [accessed 2026-01-18]
Mosco V. The Digital Sublime: Myth, Power and Cyberspace (Cambridge, MA and London, UK): MIT Press; 2004. URL :
https://doi.org/10.7551/mitpress/2433.001.0001 [accessed 2026-01-18]

Dourish P, Bell G. Divining aDigital Future: Mess and Mythology in Ubiquitous Computing: Mit Press; 2011. URL: https:/
/www.mondotheque.be/wiki/images/9/92/Paul_Dourish Genevieve Bell Divining_a Digital.pdf [accessed 2026-01-13]
Breuer S, Braun M, Tigard D, Buyx A, Miller R. How engineers imaginaries of healthcare shape design and user
engagement: acase study of aroboticsinitiative for geriatric healthcare Al applications. ACM Trans Comput-Hum Interact
2023 Apr 30;30(2):1-33. [doi: 10.1145/3577010]

Vallés-Peris N, Doménech M. Roboaticists’ imaginaries of robots for care: the radical imaginary as atool for an ethical
discussion. Engineering Studies 2020 Sep 1;12(3):157-176. [doi: 10.1080/19378629.2020.1821695]

Krings BJ, Weinberger N. Assistant without master? Some conceptual implications of assistive roboticsin health care.
Technologies (Basel) 2018;6(1):13. [doi: 10.3390/technol ogies6010013]

Rosén J. What Did You Expect?: A Human-Centered Approach to I nvestigating and Reducing the Social Robot Expectation
Gap: University of Skdvde; 2024. [doi: 10.13140/RG.2.2.36413.44001]

Shove E, Pantzar M, Watson M. The Dynamics of Social Practice: Everyday Life and How It Changes: SAGE Publications
Ltd; 2012. [doi: 10.4135/9781446250655]

Hirsch E, Silverstone R. Consuming Technologies: Media and Information in Domestic: Routledge (Taylor & Francis
Group); 2003. [doi: 10.4324/9780203401491]

Borup M, Brown N, Konrad K, Van Lente H. The sociology of expectationsin science and technology. Technol Anal
Strateg Manag 2006 Jul;18(3-4):285-298. [doi: 10.1080/09537320600777002]

Geels FW, Schot J. Typology of sociotechnical transition pathways. Res Policy 2007 Apr;36(3):399-417. [doi:
10.1016/j.respol.2007.01.003]

Abbreviations

SCI: spinal cord injury

SRL: supernumerary robotic limb

TAM: Technology Acceptance Maodel

UTAUT: Unified Theory of Acceptance and Use of Technology

https://rehab.jmir.org/2026/1/€72080 JMIR Rehabil Assist Technol 2026 | vol. 13 | €72080 | p.209

(page number not for citation purposes)


http://dx.doi.org/10.1177/1049732316654870
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27340178&dopt=Abstract
http://dx.doi.org/10.1037/qup0000215
http://dx.doi.org/10.1007/s10654-025-01226-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=40383868&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=40094303&dopt=Abstract
http://dx.doi.org/10.3109/17483107.2010.528144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20969432&dopt=Abstract
http://dx.doi.org/10.3109/17483107.2014.908246
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24712412&dopt=Abstract
http://dx.doi.org/10.3109/17483107.2015.1079653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26376019&dopt=Abstract
http://dx.doi.org/10.1891/0047-2220.30.4.16
http://dx.doi.org/10.1016/j.ijmedinf.2016.07.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27573318&dopt=Abstract
https://journeytothewestresearch.com/wp-content/uploads/2022/09/Gods-and-Robots-Myths-Machines-and-Ancient-Dreams-of-Technology-2018.pdf
https://journeytothewestresearch.com/wp-content/uploads/2022/09/Gods-and-Robots-Myths-Machines-and-Ancient-Dreams-of-Technology-2018.pdf
https://libris.kb.se/bib/4738000
https://iris.unito.it/bitstream/2318/1768946/1/PUBLISHED_Natale_introduction-new-media-and-the-imagination-of-the-future.pdf
https://iris.unito.it/bitstream/2318/1768946/1/PUBLISHED_Natale_introduction-new-media-and-the-imagination-of-the-future.pdf
https://doi.org/10.7551/mitpress/2433.001.0001
https://www.mondotheque.be/wiki/images/9/92/Paul_Dourish_Genevieve_Bell_Divining_a_Digital.pdf
https://www.mondotheque.be/wiki/images/9/92/Paul_Dourish_Genevieve_Bell_Divining_a_Digital.pdf
http://dx.doi.org/10.1145/3577010
http://dx.doi.org/10.1080/19378629.2020.1821695
http://dx.doi.org/10.3390/technologies6010013
http://dx.doi.org/10.13140/RG.2.2.36413.44001
http://dx.doi.org/10.4135/9781446250655
http://dx.doi.org/10.4324/9780203401491
http://dx.doi.org/10.1080/09537320600777002
http://dx.doi.org/10.1016/j.respol.2007.01.003
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Frennert et &

Edited by A Scano; submitted 03.Feb.2025; peer-reviewed by J Wangdell, J Chu; revised version received 11.Dec.2025; accepted
02.Jan.2026; published 17.Feb.2026.

Please cite as:

Frennert S, Persson J, Diez-Rodriguez E, Alcobendas-Maestro M, Villamayor Vega F, Oliviero A

Exploring Barriersand Enablersfor the Intention to Use Assi stive Robotics Among People With Spinal Cord Injury and Those Involved
in Their Care: Qualitative Sudy

JMIR Rehabil Assist Technol 2026;13:€72080

URL: https://rehab.jmir.org/2026/1/e€72080

doi:10.2196/72080

© Susanne Frennert, Johanna Persson, Eva Diez-Rodriguez, Monica Alcobendas-Maestro, Fatima Villamayor Vega, Antonio
Oliviero. Originaly published in IMIR Rehabilitation and Assistive Technology (https://rehab.jmir.org), 17.Feb.2026. Thisis
an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in IMIR Rehabilitation and Assistive Technology, is properly cited. The complete
bibliographic information, a link to the origina publication on https://rehab.jmir.org/, as well as this copyright and license
information must be included.

https://rehab.jmir.org/2026/1/€72080 JMIR Rehabil Assist Technol 2026 | vol. 13| €72080 | p.210
(page number not for citation purposes)

RenderX


https://rehab.jmir.org/2026/1/e72080
http://dx.doi.org/10.2196/72080
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Arana-Ramos et &

Blockchain-Based Mobile App for Digital Identification of Older
Adults in Rural Peru: Design and Usability Evaluation Study

Wilver Arana-Ramos , BSc; Aldo Francisco Pastrana-Leon’, BSc; Juan Carlos Morales-Arevalo , MBA, MSc

Department of Software Engineering, Faculty of Engineering, Peruvian University of Applied Sciences, Av. Alonso de Molina Nro. 1611, Lima Polo
And Hunt Club (Av. Primavera 2390), Lima, Peru

"all authors contributed equally

Corresponding Author:

Juan Carlos Moraes-Arevalo, MBA, MSc

Department of Software Engineering, Faculty of Engineering, Peruvian University of Applied Sciences, Av. Alonso de Molina
Nro. 1611, LimaPolo And Hunt Club (Av. Primavera 2390), Lima, Peru

Abstract

Background: Older adultsin rural areas of Peru encounter many challenges in accessing critical public services, such as health
care, education, and social assistance, dueto low levelsof digital literacy, limited accessto technology, and the lack of formalized,
secure ID. Thisinhibitsentry into digital health, education, and social assistance systems and increases their risk of vulnerability
and social exclusion.

Objective: This study aimed to design a blockchain technology—based mobile app architecture that hel ps facilitate secure and
inclusive digital ID for older adults in rural areas of Peru, enabling access to vital services through a decentralized,
privacy-preserving solution.

Methods: This study followed the design thinking process, which consists of five phases: empathize, define, ideate, prototype,
and evaluate. A total of 16 adults (aged 61-85 years) were interviewed to determine the usability barriers and security and privacy
concerns with mobile technol ogy, which was used to define functional and nonfunctional requirements. These requirements were
developed based on theinterviews. The primary featuresthe target popul ation val ued included bl ockchain authentication, assisted
registration, multilingual functionality, and auser-friendly interface. The featureswere prioritized and prototyped using the Figma
web-based app. The architecture of the app was developed using the C4 model and accounted for sequential development while
ensuring scal ability, modularity, and decentralization. Usability was assessed quantitatively by administering the System Usability
Scale to the same 16 participants after they had interacted with the prototype.

Results: The mean System Usability Scale scorewas 60.78 (SD 13.68), indicating acceptable usability. The mainissuesidentified
were alack of skillsto navigate digital interfaces, concerns regarding data security, and accessibility challenges for people with
disabilities. Participants provided high ratingsfor the assisted registration system and notifications. The modular, blockchain-based
system architecture showed substantial potential for scalability and broader inclusion. The prioritization matrix identified that,
for adoption, features must incorporate good design, be multilingual, and require secure authentication.

Conclusions: The proposed blockchain-based mobile app offersaviabletechnical and socially inclusive model for secure digital
ID of older adults in underserved contexts. Usability testing suggested that the solution was perceived as secure, usable, and
appropriate for the target population. Although not fully deployed, our prototypes and system architecture provide agood starting
point for futureimplementation. The findingsin this study can contribute to effortsto facilitate digital inclusion, accessto services,
and respect for people’s autonomy in identity management systems for vulnerable people.

(JMIR Rehabil Assist Technol 2026;13:€79553) doi:10.2196/79553

KEYWORDS

blockchain technology; data privacy; digital divide; essential public service; portable digital identity; older people; user-centric
design

higher levels of digital illiteracy and limited public service
coverage. These challenges hinder access to essential services
Digital technologies have become increasingly important in  SUch as health care, education, and social support and mirror
identity management across all sectors of the economy. The broader barriers reported for digital health innovationsin low-
proliferation of mobile apps designed to improve access to and middle-income health care systemsin South and Southeast

services has further deepened this relevance [1]. Older adults AS@ [2-4]. Advances in digital identity models, such as
living in rural areas of Peru face unique challenges, such as  Self-sovereignidentities (SSIs), have opened up new possibilities

Introduction
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for improving security, privacy, and accessto services[5]. The
emergence of identity verification systems that leverage
blockchain infrastructure and protocol s exemplifiesthis change,
as they ensure there are no gaps in identity verification and
authentication processes and allow users to exercise holistic
control over their personal information [6].

Nonetheless, traditional identity management systems that
typically use centralized dataformats and 2-factor authentication
often fail older adultsin rural settings[7]. Centralized databases
are limited, as they rely on dependable connectivity, technical
skills, and trust in institutions to function as intended, even
though thereisn't adequate infrastructurein many rural contexts.
In addition, centralized database models present vulnerabilities
by creating asingle point of failure that makes any district-based
database susceptible to unauthorized access or misuse of
information. Furthermore, the use of passwords, tokens, and
SMS codes presents usability challenges, as older adults may
be less versed in the use of mobile devices and may have
difficulty remembering and entering credentials[8]. Conversely,
blockchain protocols decentralize validation acrossidentifiable
participants and enable user control over persona data by
creating a single entry point to the data. Collectively, these
properties make blockchain protocols safer, more transparent,
and more empowering for this population.

These advances in technology go well beyond data protection.
They are fundamental to improving efficiency in the delivery
of public and private services. For example, health credential
verification and theinteroperability of electronic health records
are relevant in the health care context. The same is true in
education and public participation [9], where the use of maobile
appsthat integrate SSIs could help reducethedigital divideand
provide access to vital resources for al [2,3]. However, their
implementation remains limited due to the fragmentation of
existing platforms and the lack of a widely accepted
interoperable standard. In addition, challenges remain related
to centralized data sets, transparency in verification, adherence
to strong data privacy policies, and the centralized control of
information [10].

In this context, the focus of this study is on designing a
blockchain-based mobile app architecture to support digital
identity verification and access to necessary services. The goal
is to create a system that can be implemented quickly and
efficiently while respecting appropriate privacy, security, and
decentralization practices in relation to structural data[11].

This study follows a user-centered design thinking (DT)
approach to ensure that the proposed solutions are accessible,
secure, and appropriate for the target population, rural older
adults[12]. The research will include a comprehensive review
of current solutions, such as blockchain and smart contracts
applied to identity systems, in order to identify the most effective
methods for improving user interaction and building trust in
digital service platforms [13]. This research is qualitative and
will combine a detailed literature review with the design and
creation of system architecture models that will eventually be
applied in the real world. The goal will be to establish a robust
framework for mobile services that use advanced identity
verification technologies, highlighting the potential of

https://rehab.jmir.org/2026/1/€79553
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blockchain to ensure data permanence and integrity. Theresults
of this study provide useful approaches for building maobile
systemsthat prioritize accessibility, security, and transparency,
with a special focus on improving essential services[13]. This
strategy is even more significant for rural communities, as it
allows older adults in these communities to access digital 1D
solutions that respect their privacy and give them control of
their personal information.

Therefore, the objective of this study wasto design and evaluate
the usability of ablockchain-based mobile app architecture that
supports secure digital 1D and access to essential services for
older adults living in rural areas of Peru.

Methods

Ethical Considerations

Thisresearch involved 16 older adults (aged 61-85 years) living
in rura areas of Peru who voluntarily took part in interviews
and usability tests. All participants signed an informed consent
form. No sensitive datawere collected, and persond information
was anonymized and managed in accordance with the principles
of confidentiality and data protection.

Formal ethicsboard (IRB) approval was not required according
to ingtitutional guidelines [14], as the study focused on the
design and usability evaluation of a digital prototype. The
research was non-interventional in nature, involved voluntary
adult participants, and did not include clinical proceduresor the
collection of sensitive persona or health data. All participants
provided informed consent prior to participation. The study was
conducted in accordance with the principles of the Declaration
of Helsinki.

Research Methodology

Thisresearch adopted the DT methodol ogy to develop amobile
app. The user-centered design approach is highly effective in
digital product development because it supports users needs
at every stage while also ensuring a product is functional and
accessible to the target audience [15-18]. Among the several
established design frameworks, such as user-centered design,
participatory design, and agile user experience, DT was selected
because it provides astructured yet flexible process that begins
with empathy as its core principle. This characteristic aligns
with the study’s focus on understanding the lived experiences
of older adultsin rura Peru, whose limited digital literacy and
accessibility challenges require solutions grounded in human
context rather than purely technical efficiency. By explicitly
situating this work within a lineage of research that views
empathy asthe foundation for inquiry and intervention, the DT
framework allows the research team to trandate qualitative
insights into practical, socially responsive design decisions
[15-17].

The design process was broken into five phases: empathize,
define, ideate, prototype, and test, and each phase wasimportant
for our design of ablockchain-based mobile product for digital
ID and safe access to services. A complete overview of these
activitiesis provided below.
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Empathize Phase

A total of 16 older adults aged 61 to 85 yearswere interviewed
toidentify some of the key barrierswhen trying to access digital
services or engage with new technologies. The interviews
revealed anumber of key issues directly related to participants
comfort levels and hesitancy with digital technology, and their
anxiety surrounding cybersecurity, which often impaired their
use of multiple digital platforms. These findings illustrate that
solutions must be technically feasible, but also usable, secure,
and easy to navigate [15].

Define Phase

The research team identified important findings from the
interviews that influenced the project [19]. Based on the
interview findings, the research team identified key user
priorities, specifically theimportance of auser-friendly interface,
transparent privacy control, and user management (input). The
study also highlighted the need for ID systems that are
achievable and meaningful to users (at all digital literacy levels)

[17].
| deate Phase

At this stage of the research and devel opment process, the team
specified some core features of the app, such as authentication
methodsincorporating blockchain technologies, asecurity aerts
feature, and personalization options for service access that the
user setsaccording to their needs and preferences. The goal was
to create awell-integrated solution in which users could access
and manage strategic services relevant to them in a secure and
efficient manner [18].

Prototype Phase

Prototypes and low- and medium-fidelity mockups were
developed on the Figma platform. The prototypes helped to
visualize the interface design of the app and observe users

Textbox 1. Questions on the System Usability Scale.

Arana-Ramos €t al

interactionswith the app’sfunctions[19]. Thetechnical system
architecture was developed in accordance with the C4 model
(this study included only “context” *“containers” and
“components,” excluding “code,” aswe did not model the code
level) to allow the system to be scalable and adaptable within
ablockchain structure [20-22].

Testing Phase

To quantitatively evaluate prototype app usability, the study
applied the System Usahility Scale (SUS) developed by Brooke
[23] in 1996. The SUS is a well-respected instrument used in
usability research, duein part to its simplicity and its provision
of a straightforward numerical metric of users' perceptions of
system usability [23].

A survey was created using the standard 10-item SUS, inwhich
respondents indicated whether they agreed or disagreed with
statements using a 5-point Likert scae from 1 (“strongly
disagree”) to 5 (“strongly agree”). Thefull set of questionsused
isin Textbox 1.

The launch survey was conducted on 16 older adults that were
representative of the targeted users, all of whom had previous
interactions with the prototype. The sample size matched the
guidelines recommended for initial usability testing using the
SUS. Scoring was based on subtracting 1 from the participants
response for the odd-numbered items and subtracting the
even-numbered item responsesfrom 5. The scoreswere summed
and multiplied by 2.5 to create afinal score with a range of 0
to 100, with higher scores representing better usability. User
feedback was an important part of the process for improving
interface accessibility and ease of use [24]. This cyclical,
user-centered approach ensures that the app meets technical
specifications while being accessible, safe, and easy to use for
older adults with various levels of technological capabilities
[16,17].

1. | would like to use this application frequently.
. | found the application unnecessarily complex.

. | found the application easy to use.

. The various functions of the application are well integrated.
. | found too much inconsistency in the application.
. | imagine most people could learn to use this application quickly.

. | found the application cumbersome to use.

© 0 N o 0o A WDN

. | felt very confident using this application.
10. | learned to use the gpplication quickly.

. | would need the help of a person with technical knowledge to be able to use this application.

Results

This section elaborates on the results from the various design
phases and the process of developing a mobile app designed
for digital identity and secure access to vital services based on
blockchain technology, which was achieved using the DT
approach. This allowed the team to better understand the needs

https://rehab.jmir.org/2026/1/€79553

of the targeted end users, older adults, and ensured that the
prototype genuinely reflects the expectations and needs of this
group. The major findingsand responses presented in each phase
are described below.

Empathize Phase: Interview Findings

During the empathize phase, interviews were conducted with
16 older adults, ranging in age from 61 to 85 years, to identify
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the barriers and difficulties they face when interacting with Based on the findings obtained, two empathy maps were
mobile apps. The most common problems encountered are  developed to reflect the needs and emotions of usersin relation
presented in Textbox 2. to technology [25,26]. These are presented in Figures 1 and 2,

where the first corresponds to users and the second to the local

authorities.

Textbox 2. Identified problems.

- Difficulty navigating apps: usersindicated that the app interfaces were complex and difficult to understand.

.  Datasecurity concerns: older adults expressed distrust about the handling of their personal data on digital platforms.

o  Lack of interface customization: some users reported that the apps were not tailored to their individual needs, making adoption difficult.
« Lack of digital literacy: many older adults have difficulty understanding apps due to their unfamiliarity with digital technologies.

«  Limited accessibility: the lack of accessibility options for people with visual or motor disabilities made interaction complicated for a segment of
the population.

Figure 1. Empathy map: user perspective.
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Figure 2. Empathy map: local authorities’ perspective.

Arana-Ramos €t al
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Define Phase: Functional and Nonfunctional
Requirements

Based on the findings obtained in the empathize phase, the
functional and nonfunctional requirements for the mobile app
were defined. These were established based on the specific

https://rehab.jmir.org/2026/1/€79553

RenderX

needs of the users. The most rel evant requirements are presented
in Table 1 below.

The following are the most relevant user statements, selected
from those collected for their significant contribution to
understanding users’ expectations regarding interaction with
the app and ensuring that their needs are adequately addressed.
These user stories are presented in Table 2.
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Table. Functional and nonfunctional requirements.

Requirement Description Type

Registration in the app Allowsthe user to register inthemobileapp with  Functiona
the support of a caregiver, enabling access to
their digital identification and essential services.

Digital identification display Allows the user to securely access their digital ~ Functional
identification based on blockchain technol ogy,
guaranteeing the authenticity and protection of
their personal data.

Selection of essential health service Provides the user with the ability to view and Functional
select health services available in their locality,
facilitating timely access to vital information.

Information security The app must ensure theintegrity, confidentiality, Nonfunctional
and authenticity of user data through the use of
blockchain technology and robust security proto-
cals.

Multilingual support The app must support multiple languagesto fa-  Nonfunctional
cilitate access to services for users who do not
speak the platform’s main language.

Notification system The system must have a notification controller ~ Functional
that manages reminders, alerts, and updates,
sending them to users and local authorities.

Table. Relevant user stories.

User ID User statement

us-01 Asan older adult user, | would like to view my digital identification in
order to access my personal data securely.

us-02 Asalocal authority, | want to filter the list of registered seniors by name
or digital identification to quickly locate a specific user and facilitate
records management.

uUs-03 Asan older adult user, | would like to register in the application in order
to access the available services.

us-o04 Asan older adult user, | wish to attach and upload images such asasigna-
ture, face, or identification to be registered in my account.

uUs-05 Asaloca authority, | wish to modify thedistribution of essential services.

Us-06 Asan older adult user, | want to visualize the services provided by the

application to easily access the available options.

us-07 Asalocal authority, | want to view thelist of registered seniorsto properly
track their enrollment and access to available services.

us-08 Asalocal authority, | want to visualize the services provided by the appli-
cation to easily access the available options and also have the possibility
to add new broadcasts to each selected service.

to their impact on user experience and the effort required for

Ideate Phase: Key Functionalitiesand Prioritization their implementation. These results are presented in Table 3.

Matrix

In this phase, the key functionalities needed for the mobile app
were identified. The functionalities were prioritized according

Table 4 shows the prioritization matrix, which ranks the key
functionalities according to their impact and implementation
effort.
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Table. Selected key functionalities.

Arana-Ramos €t al

Key functionality

Description

Blockchain authentication

Intuitive interface

Assisted registration system

Multilingual support

Notification system

A decentralized authentication system to ensure the security and privacy
of user data.

Simple and accessible design, with customization options to enhance the
experience for older adults.

Provides personalized assistance during the registration process to ensure
theinclusion of older adultswho are not fully technologically autonomous.

The app must support multiple languages to facilitate access to services
for users who do not spesk the platform’s main language.

The system should send notifications to remind users about important
events or updates related to services, such as hedlth care, education, and
social assistance.

Table. Functionality prioritization matrix.

Functionality Impact Effort Priority
Blockchain authentication High Medium High
Intuitive Interface High High Medium
Assisted registration system High Medium High
Multilingual support High Medium High
Notification system High Medium High

Prototyping Phase: C4 Model, User Flow, and
Mockups

During the prototyping phase, a comprehensive representation
of the system was developed, covering both the technical
architecture and the user experience. For this purpose, the C4
model was applied, which alows for structuring the system
architecture at different levels of abstraction. Figure 3 shows
the context diagram, which illustrates the general interaction

https://rehab.jmir.org/2026/1/€79553

between the mobile app, the users (older adults and local
authorities), and the externa identity verification services.
Figure 4 presentsthe container diagram, which decomposesthe
system into its main modules: mobileinterface, cloud backend,
and decentralized database, along with the technologies used.
Multimedia Appendix 1 presentsthe component diagram, which
describes the interna elements of the back end, such as the
authentication manager, the service controller, and the
notification module.
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Figure 3. C4 model context diagram.
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Figure4. C4 model container diagram.
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To validate the user experience, navigation flows were
developed that represent common user steps from login to
service access. Figure 5 shows one of these flows, focusing on
digital 1D.

Finally, low and medium fidelity mockups were designed in
Figma. Figure 6 illustrates the most representative screens of
the prototype: user registration, ID display, and service
dissemination. These prototypes were essential to validate the
suitability of the design to the capabilities and preferences of
the target audience.

Figure5. Idea navigation flow for identification.
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Figure 5illustrates the proposed navigation flow for the digital
ID process of older adults. This sequential design optimizesthe
user experience through aclear interface and guided stepsfrom
theinitia registration to the display of the digital 1D, ensuring
accessibility, usability, and efficiency in identity management.

Figure 6 presents a series of mockupsthat illustrate key system
functionalities from the administrator’'s perspective. These
include user registration, display of ID information, and
management of essential services such as health care, social
support, education, and food. The design promotes efficient
administration and clear dissemination of campaigns targeting
vulnerable populations.

Identification

s
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Figure 6. Mockups: registration, identification, and dissemination of essentia services.
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Testing Phase: Usability Evaluation

In this phase, the results obtained by applying the SUS to a
sample of 16 older adults, representative users of the target
population who interacted with the mobile app prototype, were
analyzed. Themean SUS scorewas 60.78 (SD 13.68) onascae

from 0 to 100, where higher values indicate better perceived
usability, as can be seen in Figure 7. This score is interpreted
as an acceptabl e usability according to the standards established
in the literature, which indicates that the designed prototypeis
perceived as easy to use, safe, and suitable for the target
population.

Figure 7. Distribution of System Usability Scale (SUS) scores using a boxplot.
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In this study, we designed and evaluated the usability of a
blockchain-based mobile app architecture intended to support
securedigital 1D and accessto essential servicesfor older adults
inrural Peru. Usability testing with 16 ol der adults showed that
themean SUS scorewas 60.78 (SD 13.68), indicating acceptable
usability. Older adults viewed the app as secure and mostly easy
to use and specifically highlighted theintuitive interface, assisted
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registration process, and personalized notifications as positive
features [25,27], athough there were ongoing issues related to
digital literacy, trust in data security, and accessibility for users
with disabilities.

Intermsof accessibility, the design targeted low digital literacy
and disability-related barriersthrough large high-contrast fonts,
simplified menus, intuitive iconography, and an assisted
registration flow [19]. In our sample, most participants
self-reported no visual or motor limitations; those who did
generally required more time and occasional assistance during
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formative sessions, which directly informed these adaptations
[8]. The confirmatory evaluation will quantify effectiveness
using prespecified metrics, including completion without
assistance across core tasks, median task time, error rate, and
SUS, stratified by limitation status.

The prototypes and C4 models devel oped demonstrate a clear
and scalable architecture, since they are structured in modular
layers that allow incorporating new functionalities without
affecting the stability of the system [22]. This scalability is
reflected in the use of the C4 model, which facilitates the
expansion of the system both in terms of componentsand cloud
services, adapting to different regions or user groups [28]. The
solution presented is accessible and reliable, as evidenced by
the results obtained in the usability testswith older adults [29].

Unlike the conceptua framework proposed by Tan et al [30],
which focuses on agovernance taxonomy for blockchain-based
systems in the public sector at macro, meso, and micro levels,
our proposal isbased on apractical and applied approach, which
directly implements such principlesin afunctional architecture
with tested prototypes. This framework includes concrete
technical decisions on decentralized authentication, user privacy,
and accessibility. The designed app facilitates secure and
efficient accessto essential services, promoting digital inclusion
and trust in the handling of personal information [11]. As a
limitation, while the study initially focused on design and
prototyping, the app is currently being evaluated in real-world
settings with older adults from the target population to validate

https://rehab.jmir.org/2026/1/€79553
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its effectiveness,
environments.

Related Work

In recent years, academic studies have begun to examine how
blockchain technology can reinforce governance structures,
support the decentralization of public service delivery, enhance
security for mobile apps, and improve the user experience in
distributed digital environments. Below are four thematic
categoriesthat frame the most relevant work.

usability, and adoption in practical

Application of Blockchain in Public Sector Governance
Models

Tan et a [30] address the implementation of blockchain's
potential to transform public services by improving
transparency, efficiency, and security, key aspectsfor the design
of blockchain-based mobile apps. Through a conceptual
framework, the authors explore key governance decisions at
three levels: micro, meso, and macro. These governance
elements, illustrated in Figure 8, affect the design and
implementation of blockchain-based systemsin the public sector
[31]. However, they identify limitations such as the lack of
interoperable infrastructure and the need for -effective
governance models. This study contributes to these limitations
by proposing a solution based on a more flexible approach to
digital identity management and access to essentia services,
especially through mobile apps that enable better interaction
with public services[30].
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Figure 8. Key elementsin the economic design of governance.
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Specifically, the proposed architecture directly operationalizes
Tan et d’'s [30] microlevel governance principle through
user-centered control of digital credentials. For instance, the
assisted registration system and blockchain-based authentication
module enable users to manage their identity data without
relying on centralized authorities. Likewise, the notification
and verification features provide transparency and consent
management, ensuring that users are aware of and approve any
data exchanges. At the mesolevel, interoperability is supported
by modular components that facilitate integration with local
authority systems, while the macrolevel implications relate to
potential scalability within national digital identity strategies.
In this way, our design translates Tan et a’s [30] theoretical
governance taxonomy into practical app features that promote
individual autonomy and trust in digital identity management.

For hispart, Ibrahim [32] explorestheimpact of decentralization
on improving public services, highlighting the need to optimize
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government efficiency and accountability by delegating
authority to local governments. This approach, which highlights
the importance of tailoring servicesto local needs, is essential
when considering blockchain-based mobile apps for public
services. However, lbrahim notes that disparities in local
resources and capabilities limit the effectiveness of
decentralization. Our research complements this analysis by
integrating blockchain-based technol ogies, providing asolution
that improves security, accessibility, and efficiency in digital
ID and access to essential services, overcoming local resource
barriers through a decentralized and accessible infrastructure
[32].

Innovationsin Blockchain-Based Mabile Apps for
Security and Education

Rizky et al [33] propose a blockchain-based mobile app for

decentralization of information management in the field of
e-journals, addressing security and reliability issues in
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centralized systems. Although their focusis on data security in
academic platforms, their findings on decentralization and
security are highly relevant to the design of mobile apps that
manage digital 1D in essential public services. Using a SWOT
(strengths, weaknesses, opportunities, and threats) analysisand
a waterfall development approach, the study implements
blockchain to ensure anetwork resilient to external interference.
However, scalability in larger environmentsremainsachallenge.
Our research advances this by proposing technical solutions
that improve the efficiency and accessibility of essential
services, overcoming these limitations by integrating blockchain
for secure and decentralized digital ID.

Figure 9. Rapid application development model phases.
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Security, | dentity, and Digital I nclusion with Blockchain

Gumilar et a [35] exploretheintegration of financia technology
indigital inclusion, with an emphasison digital financid literacy
as acatalyst for reducing economic and social disparities[35].
Through a systematic literature review, they used Scopus
databases (2020-2024) to examine how the adoption of digital
financial services optimizes inclusion. The results highlighted
the importance of improving digital financial literacy but noted
limitations in consumer use and protection. In line with these
findings, our research extends the analysis by proposing
innovative technological solutionsand amore accessible design
to improve adoption in underserved populations.

On the other hand, Musa et a [36] propose a blockchain-based
approach to improve the security of data storage in Android
mobile apps. They address the problem of vulnerability and
unauthorized access to sensitive data by using blockchain to
provide decentralized and secure storage. Their methodology
includes the implementation of a 6-layer framework called
BSADS (blockchain-based secure android data storage), which
optimizes efficiency and security, as detailed in their proposed
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Similarly, Asmawi et a [34] developed BlockScholar, a
blockchain-based mobile educational app to facilitate the
understanding of blockchain. Their research addresses the gap
ininteractive and accessible educational resources, highlighting
the need for platforms that offer immersive and accessible
learning on blockchain. They used the rapid application
development model to create interactive and gamified content,
asillustrated in Figure 9. Although the study made progressin
accessibility and comprehension, it till faces challenges in
adaptability to diverse educational contexts. Therefore, our
research proposes solutions that enhance learning
personalization and expand the coverage of blockchain-related

topics.
0 Cutover

Construction

framework. Despite advances, scalability and costs remain
limitations. This research contributes to overcoming these
challenges by proposing lightweight node solutions and cost
optimization techniques.

I dentity and User Experience Management on
Blockchain

Alanzi and Alkhatib’s [37] study presents blockchain-based
identity management solutions aimed at improving privacy and
security in traditional centralized systems. Using blockchain
technol ogies such as Ethereum and smart contracts, they address
issues of third-party control, single point of failure, and
vulnerability to data manipulation. However, limitations in
scalability and weak authentication of some proposed systems
are identified. In this context, our research extends these
approaches, proposing improved decentralized infrastructure
and optimizing the design of smart contractsto increase security
and efficiency in digital identity management systems.

On the other hand, Jang and Han [38] developed a user
experience framework for blockchain-based services,
specifically focused on improving user interaction in contexts
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such as finance and health care [38]. Through an analysis of
active services, they identified both general and
blockchai n-specific functions, highlighting improved efficiency
and security. However, their study faces limitations in general
applicability due to a lack of standardization. Consequently,
our research extends this framework, addressing the

Table. Fundamental approaches for blockchain-based mobile apps.

Arana-Ramos €t al

implementation of blockchain in digital identity and essential
services, improving accessibility and user experience through
advanced technological solutions[38]. Table 5 summarizesthe
key approaches and inputs underlying the development of a
blockchain-based mobile app for digital ID and access to
essential services.

Approach Contribution Referenced works
Taxonomy of governance « Rationae for the governance approach « Taneta [30]
Decentralization «  Decentraization analysis o lbrahim[32]
Patterns of mobile apps «  Mobile app design patterns o Rizkyetal [33]

Inclusion, security, identity, and user experience

Design and accessibility considerations
Blockchain security and authentication
Digital identity management

User experience and accessible design

o Asmawi eta [34]

Gumilar et a [35]
Musaet a [36]

Alanzi and Alkhatib [37]
Jang and Han [38]

Conclusions

This study designed a functional architectural proposal for a
blockchain-based mobile app that facilitates digital ID and
access to essential services, with afocus on the inclusion and
data security of older adults. The solution addresses usability,
privacy, and decentralization i ssues, overcoming the limitations
of traditional centralized and vulnerable systems. In addition
to its technical and usability benefits, the proposed system
entails ethical challenges related to data governance. If local
authorities or institutions act as blockchain nodes, they could

potentially exert undue control over users identity data. To
prevent this, future implementations should ensure transparent
node management, community oversight, and independent
auditing. These measures are key to promoting genuine digital
inclusion while safeguarding autonomy and trust in rural
contexts. Nevertheless, usability tests applied using the SUS
revealed high acceptance and perceived ease of use by older
adults, demonstrating that the proposal represents a solid basis
for the comprehensive devel opment of the app, which has been
implemented in a functional prototype currently undergoing
real-world testing with older adult participantsin rural areas.
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Abstract

Background: The United Nations' third Sustainable Development Goal emphasizes ensuring healthy lives and promoting
well-being (WB) for al, which requires effective assistive technol ogy (AT) for personswith disabilities. Inlow- and middle-income
countries (LMICs), however, AT remains largely inaccessible, and high abandonment rates indicate that many existing solutions
fail to meet users needs. To improve AT design and effectiveness, a deeper understanding of users' lived experiences and the
ways AT influences WB is essential.

Objective: Thisstudy aimed to explore how technology creates opportunities or barriersin the daily lives of persons with visual
disabilitiesin LMICs and how it affects their WB.

Methods: We conducted a qualitative narrative study guided by deductive qualitative analysis, using the capability approach
(CA) and disadvantage theory (DT) as theoretical frameworks. Nineteen adults with visual disabilities from Cali, Colombia,
participated in in-depth, semistructured interviews. A focus group (n=5) deepened the exploration of shared experiences. Data
analysisfollowed three stages: (1) deductive coding using Nussbaum list of central capabilitiesand key CA constructs (functionings,
conversion factors, and agency); (2) recoding through DT concepts (insecure functioning, corrosive disadvantages, and fertile
functionings); and (3) inductive analysis to capture emergent sociocultural themes.

Results: AT shaped both opportunities and constraints in participants’ lives. While functionings such as employment, mobility,
and affiliation were highly valued, they often remained insecure due to systemic barriers. Corrosive disadvantages—such as
unemployment, exclusion, and limited spatial autonomy—undermined multiple capabilities simultaneously. Conversely, fertile
functionings such as equitable employment, adaptive sports, and access to well-designed AT supported agency and resilience.
The inductive analysis revealed 3 interconnected themes: the aspiration to explore and expand movement, the desire to appear
attractive, and the adoption of nonconfrontational strategiesto maintain social harmony. These findings highlight how emotional,
aesthetic, and cultural dimensions shape the experience and meaning of AT.

Conclusions:  While AT research in LMICs often emphasizes availability, it rarely addresses how social norms, structural
violence, and fear affect meaningful use. The combined CA and DT lens reveals that AT can either enable or constrain WB
depending on how it aligns with users’ lived contexts. Designing for fertile functionings—those that support agency, safety, and
resilience—is essential. Participatory, context-sensitive design must prioritize not only functionality, but also aesthetic dignity,
cultural relevance, and emotional security. Including the voices—and silences—of persons with disabilitiesin the Globa South
iscrucial for transforming AT from amere tool into a catalyst for real freedom and WB.

(IMIR Rehabil Assist Technol 2026;13:€72306) doi:10.2196/72306
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Introduction

Background

Theincidence and preval ence of visual impairment worldwide
have exceeded World Health Organization (WHO) projections
for the second decade of the current century [1,2]. In low- and
middle-income countries (LMICs), the rate of persons with
severe visual impairmentsis approximately 2 to 3 times higher
than in high-income countries[3].

Visual impairment significantly constrainsindividual autonomy
and social participation, with far-reaching consequences for
quality of life [4]. Assistive technology (AT) has emerged as a
critical means of mitigating these effects by promoting
independence and enabling greater inclusion.

Beyond its practical benefits, AT isincreasingly recognized as
instrumental in advancing the rights enshrined in the United
Nations Convention on the Rights of Persons with Disabilities
[5], aswell asin supporting broader global commitments such
as Sustainable Development Goal 3: Good Heath and
WEell-Being [6].

Thus, AT contributesto overall well-being (WB) by enhancing
autonomy, supporting participation in education, employment,
and community life, and reinforcing psychosocial WB through
increased agency and participation [7,8].

Nevertheless, despiteits benefits, accessto AT remains severely
constrained—particularly in LMICs[9]. Thislack of accessis
further exacerbated by high abandonment rates, which often
result from inadequate alignment between technol ogies and the
lived realities of users[10-12]. Theliteratureincreasingly points
to the need for participatory, person-centered approaches that
actively engage persons with disabilities in the design and
delivery of AT solutions [13], ensuring that such interventions
are both contextually relevant and sustainable.

Although AT development increasingly claims to adopt
user-centered design [14], studies have identified a persistent
gap between rhetoric and practice. Users are often consulted
only to refine existing designs, rather than to inform fundamental
decisions based on their needs and experiences[15,16].

To respond to this gap and advance agenuinely person-centered
approach, weinitiated astudy to inform the development of AT
for the navigation of personswith visual disabilitiesin LMICs.
This paper presents the results of the first phase, a qualitative
inquiry into users lived experiences, aspirations, and
interactions with technol ogy.

https://rehab.jmir.org/2026/1/€72306

While AT research in LMICs often focuses on availability, it
neglects how structural and social contexts shape meaningful
use. The capability approach (CA) addressesthisby emphasizing
individuals' real freedoms to achieve valued functionings, not
just accessto resources[17-19]. However, CA hasbeen critiqued
for undertheorizing how power, fear, and structural violence
constrain agency [20]. Disadvantage theory (DT) complements
CA by introducing concepts such as corrosive disadvantage,
enabling deeper analysis of how AT may worsen exclusion
under adverse conditions[21]. Thiscombined CA and DT lens
highlights how AT can both enable and limit WB in LMICs.

Approachesto Disability, WB, AT, and Justice

The Capabilities Approach

The CA evaluates human development through the lens of
equity, emphasizing human flourishing as the ultimate goal. It
focuses on the life individuals are able to lead, based on their
“capabilities’ (practical opportunities) and “functionings’
(achievements) [22].

Building on this foundation, this approach recognizes the
concept of agency, which isthe ability to pursue valued goals.
To achieve these goals, individuals need access to necessary
resources and “ conversion factors,” which affect how resources
are transformed into functionings [17].

This theoretical lens has gained traction in disability studies
over the past 2 decades, where it emphasizesindividual agency
and enables a nuanced examination of resourcesand conversion
factors. In this context, disability is framed in terms of the
deprivation or restriction of capabilities and functionings
[23-26].

For this study, we chose the CA to analyze the experiences of
persons with visual disabilities in a middle-income country,
namely Colombia. This framework sheds light on what people
value in their lives, guides researchers in identifying daily
opportunities and barriers, and aids in evaluating how AT
influences the pursuit of a“good life”

Recent literature situates the role of technology within this
framework [27,28].

Nussbaum, who has made valuable contributions to the
approach, proposed an open list of 10 capabilities, which she
argues are central to the redlization of self-determined,
meaningful, and fulfilling lives[18,29]. Thislist (Figure 1) has
been effectively applied in various contexts, including ng
dignity, monitoring human rights, and guiding social policy to
reduce disadvantage [30].
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Figure 1. Diagram of the 10 central capabilities proposed by Nussbaum and used as aframework for deductive analysis of participant narratives about

technology and well-being.

Being able to have good health, including reproductive
health; to be adequately nourished; to have adequate shelter.

|

Being able to move freely from place to place; to be secure against violent as-
sault, including sexual assault and domestic violence; having opportunities for
sexual satisfaction and for choice in matters of reproduction.

Being able to use the senses, to imagine think, and reason—
and to do these things in a truly human” way, a way infermed
and cultivated by an adequate education, |nc|ud|n? but by no
means limited to, literacy and basic mathematical and scien-

Bodily tific training.
integrity Being able to use imagination and thought in connectlon with
O experiencing and producing works and events of one’s own
& ’779 9/;& choice, rellglous literary, musical, and so forth. Bech; able to
06\ X %,791;, S use one’s mind in ways protected by guarantees of freedom
WA 550‘9(,,‘,' of expression with respect to both political and artistic
. w l{g A speech, and freedom of religious exercise. Being able to have
A. Political. Being able to participate effectively in g pleasurable experiences and to avoid non-beneficial pain
political choices that govern one’s life; having the
right of political participation, protect\ons of free
speech and association. sb Life
o.& m Being able to have attachments to things and
X X S ) i 3 people outside ourselves; to love those
B. Material. Being able to hold property (both £ F& Being able to live to the end = who love and care for us, to grieve at their absen-
land and movable goods) and having property Qo »g g of a human life of normal o ce; in general, to love, to grieve, to experience lon-
rights on an equal basis with others; having the £§ X g ging, gratitude, and justified anger. Not having
right to seek employment on an equal basis with o length; not dying prematu- one's emotional deve\opmeni b?lghted by fear
others; having the freedom from unwarranted rely, or before one's life is and anxiety. (Supporting this capability means
supporting forms of human association that can
so reduced as to be not be shown to be crucial in their development.)
worth living. ~
.Q’b
. 1 < & § Being able to form a conception of the good and to
Being able to laugh, to play, to enjoy ®* 2 & '{” engage in critical reflectlon
recreational activities. I T g about the planning of one’s life. (This entails pro-
tection for the liberty of conscience and religious
observance.)
Oy » 'a{\o“
Spe::.e" P\“\\\ A. Being able to live with and toward others, to recognize and show

Being able to form a conception of the good and to engage in critical
reflection

about the planning of one's life. (This entails protection for the liberty
of conscience and religious observance.)

Disability research focused on understanding quality of life,
living conditions, and WB in LMICs is scarce and
predominantly quantitative, limiting insights into the lived
experiences of disability and personal ideas of flourishing
[31,32]. Research on AT within the CA for persons with
disabilities is even rarer. This field could benefit from studies
like this one, which aim to provide valuable information for
developing AT to narrow the capabilities gap. Understanding
the lived experience of disability and personal definitions of a
good life can guide AT designers in making meaningful and
desirable assistive devices (ADS).

Disadvantage Theory

Wolff and De-Shalit [21] devel oped atheory aimed at achieving
equity and socia justice by addressing disadvantage. Drawing
from Sen CA and Nussbaum contributions, they define
disadvantage as a “lack of genuine opportunities for secure
functionings’ [21].

These authors underscore the plural origins of disadvantages
and the necessity of indexing them. They diverge from Sen and
Nussbaum by using the terms genuine opportunities and secure
functioningsinstead of capabilitiesand functionings. While Sen
emphasi zes freedom to achieve capabilities, Nussbaum defends
auniversal list of central capabilities, Wolff and De-Shalit focus
on how disadvantageis experienced and addressed in real-world
contexts. Their terminol ogy reflectsaconcern with the stability
of achieved functionings and the substantive nature of
opportunity, aiming to make the framework more actionable
for policy design.

They define a disadvantaged person as one whose functionings
are involuntarily insecure. Another key concept is “corrosive
disadvantage,” where one disadvantage negatively impacts
another functioning, making it insecure. To counteract this, the

https://rehab.jmir.org/2026/1/€72306

RenderX

concern for other human beings, to engage in various forms of
social interaction; to be able to imagine the situation of another.
(Protecting this capab\lny means protecting institutions that cons-
titute and nourish such forms of affiliation, and also protecting the
freedom of assembly and political speech.

B. Having the social bases of self-respect and nonhumiliation;
being able to be treated as a dignified bem% whose worth is equal
to that of others. This entails provisions of nondiscrimination on
the basis of race, sex, sexual orientation, ethnicity, caste, religion,
national origin.)

authors suggest identifying and addressing corrosive
disadvantages while also seeking “fertile functionings,” which
positively impact and secure other functionings [21].

Persons with disabilities face multiple disadvantages, such as
“reduced health, life span, opportunities for fulfilling work,
social networks, control over their lives, leisure activities, and
living standards’ [21,33]. Given the likelihood of facing
corrosive disadvantages, it iscrucial to prioritize the capabilities
and functionings of persons with disabilities to decluster their
disadvantages.

WB, Visual Disability, and AT

Sen [34] addresses WB from anindividual perspective, asserting
that it should be evaluated based on the achievement of
functionings that each person values for agood life. He states,
“functionings are seen as central to the nature of WB, even
though the sources of WB could easily be externa to the
person.” This aligns with the current notion of subjective WB,
“a person feeling and thinking his or her life is desirable
regardless of how others see it” [35], which is used by
organizations and countries to monitor compliance with
Sustainable Devel opment Goal 3 [36,37].

Most data on this subject come from high-income countries,
showing that personswith disabilities generally have lower WB
than those without disabilities, often linked to poverty,
educationa status, unemployment, and socia exclusion[38-41].
A recent study including datafrom LMICs confirmed thistrend,
attributing lower WB in personswith disabilitiesto “ differences
inliving conditions and life experiencesin relation to household
wedlth, level of education, partnership status, and exposure to
violence and discrimination in the previous year” [42].
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In the context of visual disabilities, common challengesinclude
social isolation, limited mobility, low education, unemployment,
stigmatization, and injury risks[43].

ATsare seen astoolsto overcome these limitations and improve
WB. Despitetheir potential benefits, not all personswith visual
disabilitiesadopt AT, particularly mobility aids, dueto concerns
about stigmatization and inadequate obstacle detection [44].
Thisreluctanceindicatesthat AT does not always enhance WB,
underscoring the need to understand user interactions with AT
to develop solutions that are more desirable and supportive of
users WB.

Aims of This Study

We explored the role of technology in the lives of personswith
visual disabilitiesin LMICsand aimed to answer the following
guestions: (1) How can AT create opportunities or barriersin
daily life? (2) How does technology affect WB?

Context of Fieldwork

Lived experience, disability, capabilities, and functionings
should be understood within their sociocultural context [32,45].
The cultural perception of disability significantly influences
both coping strategies and the willingness to use AT. These
factors cannot be separated from the historical and political
contexts that have shaped the experiences of a particular group
[46].

Thisstudy took placein Colombia, acountry affected by internal
armed conflict for nearly 6 decades. The* Comision delaVerdad
(Truth Commission)” reported 8,775,884 victims of human
rights violations in the conflict [47].

In 2016, a peace agreement was signed between the Colombian
government and the FARC-EP (Revolutionary Armed Forces
of Colombia). The historical memory construction process, a
process of reconstructing and interpreting the past to dignify
victims, clarify the truth about human rights violations, and
promote reconciliation in the context of Colombia's armed
conflict, highlighted patriarchy, racism, and discrimination
based on socia class, religion, or ideology as conflict axes
[48,49].

Although Colombia adopted the Convention on the Rights of
Persons with Disabilities (CRPD) in 2011, disability has been
scarcely addressed in the peace agreement and subsequent
documents[50]. While this study does not focus on recognized
conflict victims, it isimportant to situate the participants’ reality
within this sociopolitical context. Living in a region with
complex socia issues, partly due to the conflict and other
factors, means that numerous disadvantaged popul ation groups
exist. Recognizing persons with disabilities as one of the
“worst-off” groups for prioritizing attention is challenging,
especially priorities after the peace agreement prioritiesinclude
attending to direct victims of the conflict, which continueswith
other actors present.

The interviews were conducted in Cali, Colombia’s third most
populous city and economic center. Cali is noted for its
multiethnic population, sports culture, and as a cultura hub,
but also as one of the most violent citiesin Colombia [51].

https://rehab.jmir.org/2026/1/€72306
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While ATs can potentially expand the capabilities of people
with disabilities, analyzing the geographic, socia, political, and
economic context of potential users during the design phase is
crucial. Thisconsideration isparticularly important since using
ATs could increase security risks for persons with disabilities.

Methods

Study Design and Theoretical Framework

This study adopted a qualitative narrative approach framed
within a deductive qualitative analysis strategy [52]. The
research was grounded in the CA [18] and the DT [21] as its
core theoretical frameworks, with a critical theory lens [53]
guiding the inductive reflection. This hybrid strategy enabled
the exploration of how AT supports or constrains human
capabilities and WB among people with visual disabilities in
low- and middle-income settings.

Participants and Data Collection

Thisstudy involved 19 voluntary participants. Eligibility criteria
included being 18 years or older; residing in Cali, Colombia,
or nearby municipalities; and being blind or visually impaired,
without additional hearing, motor, or cognitive disabilities.
Eligibility was verified using the Washington Group Questions
on Disability Statistics[54]. Purposive and snowball sampling
strategies were used. Semistructured interviews (60 - 105
minutes) captured life narratives and good life aspirations. A
follow-up focus group (n=5) explored their relationship with
technology in greater depth, addressing (1) commonly used
technologies, (2) perceived utility, (3) opportunities created,
(4) desired opportunities, (5) risks, and (6) features enhancing
WB.

To ensure rigor, the study used triangulation through a focus
group, member checking with the participants, peer debriefings,
and adetailed audit trail. Trustworthinesswas further supported
by verbatim quotesin the findings, which preserved participant
voice and supported transparency.

Data Analysis

Overview

Datawere analyzed using deductive qualitative analysis guided
by the CA. A preliminary deductive codebook was devel oped
based on Nussbaum 10 central capabilities, supplemented with
key CA constructs, including resources, conversion factors
(personal, social, and structural), agency, and achieved
functionings.

Once these were applied, a second layer of deductive analysis
was conducted using DT, focusing on identifying insecure
functionings, corrosive disadvantages, and fertile functionings.

In addition to the 2-phase deductive stage, an inductive thematic
analysiswas performed to identify emergent themes not captured
by the theoretical framework. This inductive analysis was
critically informed by critical theory, allowing interpretation of
power asymmetries in technology design, structural exclusion,
and user agency.
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Step-by-Step Coding Procedure
Familiarization

The research team read all transcripts multiple times,
documenting initial impressions and emotional, social, and
technological cues.

Deductive Coding: Phase 1 (CA)

Using Nussbaum capabilities, data were categorized into
capability domains and analyzed with subcodesfor functionings,
resources, and conversion factors.

Deductive Coding: Phase 2 (DT)

Narratives were recoded to assess the security and fertility of
functionings and to identify corrosive disadvantages (eg, stigma
and economic precarity).

Inductive Coding

Emergent codes such as desire to appear attractive, resistance
to confrontation, and wish to explore movement were
documented, grouped, and interpreted using critical theory.
Integration

Inductive and deductive codes were reconciled through iterative
discussions, using analytic memos. For instance, fear of

Table. Deductive codebook (capability approach).

Ortiz-Escobar et al

confrontation was related to insecure functionings under
“Control over one'senvironment,” while vanity versus disability
was interpreted within “Affiliation.”

Synthesis

Final interpretation focused on how AT shaped each
participant’s capability set, aspirations, and obstacles to
achieving the good life.

Disagreementsin coding were addressed through iterative team
discussions until consensus was reached. A reflexivity journal
was maintained by the lead researchers to document
positionality, epistemic tensions, and interpretive decisions. All
coding was conducted manually without the use of software for
qualitative analysis. Transcriptswereoriginally in Spanish, and
coding was performed in Spanish by native speakers. English
trandationswere collaboratively devel oped to preserve semantic
and cultural accuracy.

Codebook Summary

Deductive and inductive codes are presented for illustrative
purposes (Tables 1-3).

Capahility Subcapability Code Definition Conversion factor type Example quote
Bodily integrity Bodily sovereignty Privacy respect Situations of physical  Social “...they touch you...
or decisional invasion that’s not necessary.
So, it'slike they don’t
respect your bodily in-
tegrity...”
Bodily integrity Mobility Inaccessible transport  Lack of accessto safe,  Structural “...the audio announce-
navigable transport ments don’t work... so
how are we supposed
to know if the busis
the one we're waiting
for?’
Affiliation Dignity inservicedeliv-  Discrimination Beingrejected or under-  Social “...people assume I'm
ery estimated during ser- there to beg or ask for
vices provision something.”
Control over one€'sen- Materia control Institutional barriers Bureaucratic or policy-  Structural “ATMsdon’ttak...it's

vironment

related access issues both accessibility and

safety.”
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Table. Deductive codebook (disadvantage theory).

Ortiz-Escobar et al

DT2code Definition

Inclusion criteria

Example quote

Insecure functioning A functioning being achieved but

threatened

Corrosive disadvantage A single disadvantage that creates

multiple deprivations

Fertile functioning A capability that enables many oth-

ers

Describesfragile accessto opportu-

nities

Barriers that multiply exclusions
(eg, inaccessible transport affects
work and autonomy)

“I only go to the bank with someone
| trust. ATMsare not accessibleand
it'sunsafe”

“If | can’t use public transport, |
can't go to training, or to work. Ev-
erything falls apart.”

Mentions of tech or contexts that
expand autonomy

“My cell phoneis essential in my
life. It helps me navigate, communi-
cate with others, check when thebus
is coming, know where to get off,

and get any place.”
8DT: disadvantage theory.
Table. Integration of inductive themes with deductive frameworks (CA® and DTb).
Inductive theme Definition Example (quote) Related capability Associated concept Interpretive notes
(CA) (DT)
Wish to appear attrac- Thedesiretolook good  “I consider myself vain  Affiliation and bodily  Insecurefunctioningor Challenges cultural
tive and expresspersonal  despite my disability... integrity symbolic disadvantage narratives of disability

style, challenging
stereotypes of depen-
dency.

so, | would buy more
clothes... | would dye
my hair...."

as asexual or unattrac-
tive; signalsagency in
self-image.

8CA.: capability approach.
bDT: di sadvantage theory.

Reflexivity and Strategiesfor Rigor

Reflexivity was maintained via journals kept by both main
researchers. These captured assumptions, affective responses,
and positionality reflections. Disagreements in coding were
addressed through iterative team discussions and memoing.
Credibility was supported through member checking and
triangulation using interview and focus group data. Saturation
was considered achieved after 19 participants, as no new themes
emerged during the final interviews and confirmatory focus

group.

Resear cher-Participant Relationships and
Empower ment Strategies

Although this study did not follow aformal participatory design
framework, several intentional strategieswere used to promote
ethical engagement and participant empowerment. Informed
consent was provided in accessible formats, including Braille
and audio, with participants choosing the version that best suited
them. Potential interview locations were identified by the
research team and evaluated in consultation with key
participants, allowing for informed, context-sensitive decisions.

Participants were clearly informed of the study’s aims and the
distinct roles of the research teams. Notably, the team
responsible for data collection was not involved in AT design,
helping to manage expectations and avoid instrumental
relationships. Interviews were guided by an ethic of care,
privileging participant-led narratives and emphasizing trust,
autonomy, and open dialogue.

We al so approached participation critically. While participatory
methods are often promoted in inclusive design, they may

https://rehab.jmir.org/2026/1/€72306

reinforce power asymmetriesif not carefully implemented. As
Cooke and Kothari [55,56] warn, such approaches can resultin
a “tyranny of participation,” serving dominant interests rather
than those of marginalized groups. To avoid this, our study
prioritized epistemic justice by centering participants’ lived
experiences as endsin themselves, not asinputsto a predefined
design process. Member checking and a focus group enabled
deeper reflection and participatory analysis, contributing to
more equitable and meaningful knowledge production in line
with the ethical commitments of the CA [17].

Ethical Considerations

The research protocol was approved by the Swiss Federa
Ingtitute of Technology L ausanne on research involving humans
(056 - 2021 and 068 - 2022), the Human Ethics Committee of
Universidad del Valle (008 - 022), Hospital Universitario del
Valle (029 - 2022), and Instituto para Nifios Ciegos y Sordos
del Valle (CEI-2022 - 02), ensuring fully informed consent and
participant anonymity. In accordance with ethical guidelines
for research involving human participants, compensation was
provided in amanner that did not constitute undue inducement.
Participants received reimbursement for transportation costs
and were offered food and beverages during data collection
sessions. Additionally, they received a modest stipend of
approximately 40,000 COP (equivalent to lessthan US $10) as
compensation for their time and participation.
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Results

Overview

This section presents the main findings of the study, starting
with a general description of participant demographics (Table
4) to provide contextual background. The results are then
organized into 2 main areas: the first presents the outcomes of
the deductive analysis guided by the CA, structured under the
subheadings “Notions of Well-Being and Autonomy,” “WB

Table. Participant demographics.

Ortiz-Escobar et al

and the Good Life: Common Functionings Identified,” and
“Lived Experiences through the Lens of Capabilities and
Technology.” The second area includes the inductive themes
that emerged beyond the predefined theoretical framework.
Although the results of the secondary deductive analysis
informed by DT—nbuilding upontheinitial CA coding—are not
included in this section, they are presented in the discussion,
where they more effectively enrich the interpretation of
structural constraints, genuine opportunities, and the security
of valued functionings within participants’ lived redlities.

Participant characteristics Overdl
Age (years), mean (SD) 31.1(10.9)
Sex, n (%)

Female 7(36.8)

Male 12 (63.2)
Marital status, n (%)

Single 13 (68.4)

Common law 3(15.8)

Married 3(15.8)
Education, n (%)

No formal education 1(5.3)

Primary 1(5.3)

Completed high school 6 (31.6)

College or university in process 5(26.3)

Completed college or university 6 (31.6)
Employment status

Employed 6 (31.6)

Unemployed 6 (31.6)

Self-employed 2(10.6)

Student 5(26.3)
Origin

Urban 17 (89.4)

Rural 2(10.6)
Self-reported ethnicity

Afro-Colombian 2(10.6)

None 17 (89.4)

Autonomy and WB

Notions of WB

In exploring what constitutes WB for the participants, we
inquired about their idea life and contrasted this with their
current experiences. It quickly became clear that disability
significantly influences their conception of an idea life. A
couple of participants explicitly noted that their vision of an
ideal lifehad to be“ edited” dueto their disability, such asstating
“my ideal life now that | am blind” or recognizing that their
disability constrains their aspirations.

https://rehab.jmir.org/2026/1/€72306
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Participants identified autonomy as central to their WB,
emphasi zing the importance of freedom in decision-making and
the ability to make meaningful choices. One participant
articulated this need for autonomy as follows:

A more assertive life would be one in which people
first see me as an equal, rather than focusing on my
condition. It would be a lifewhere | can make all my
own decisions, where having a disability does not
limit my opportunities. [Male, 45 years]
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The emphasis on autonomy extends to living without the
constraints of disability-related prejudice and ensuring social
acceptance. However, the frustration with societal limitations
often leads to a pragmatic view of WB, focusing on achievable
goals within their control and avoiding, in the process, being
assisted by others. For example, a 29-year-old participant
described her ideadl life as

To have as much autonomy as possible—being
confident to go out independently, having a stablejob
that meets my needs, maintaining good health, and
practicing my sport. Total autonomy in my lifeiswhat
| strive for. [Participant, 29 years]

WB and the Good L ife; Common Functionings
Identified

Work isfrequently cited asacritical element of WB. Itisvalued
both for providing financial security and as asource of personal
fulfillment. Achieving financial stability and having afulfilling
jobareintegral totheir ideaof adesirablelife. Asone participant
who has several part-time jobs with limited hours a week, put
it,

| have a job and | am grateful, but | would like to

improve my working conditions to better provide for

my family and ensure our own home. [Female, 28

years]
Ownership of a home is another significant aspiration, often
linked to job stability. Other desired functionings include
pursuing education, maintaining good health, and excelling in
sports. These aspirationsreflect abroader understanding of WB
that includes personal and professional fulfillment.

Moreover, family stability, emotional support, and socia
connections are also important components of WB for
participants.

When one participant (male, 40 years) compared his current
lifewith hisideals, he became aware that he had achieved much
of what he considers a flourishing life. He reflected on his
accomplishments with satisfaction while acknowledging areas
for improvement. Despite this, he emphasized that his
experienceisnot universal among persons with disabilitiesand
that the limitations imposed by disability affect what can be
achieved.

At this point, as a person with a visual disability, |
believe | have achieved a great deal, despite the
challenges. | see others who, unfortunately, lack
employment, family, or social connections, or who
haven't been able to fully enjoy life. For me, job
stability would make my life 100% ideal. | fee! fulfilled
because I've experienced love, marriage and the
journey of being a parent. | have also traveled,
engaged socially, and even gone bungee jumping.
[Male, 40 years]

Though the desire for family formation or partnership is less

commonly mentioned by those who were single at the time of

the interview.
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Lived Experiences Through the L ens of Capabilities
and Technology

In examining Nussbaum's central capabilities in the context of
individuals with visual disabilities, the analysis reveals both
opportunities and barriers that impact their daily lives.

Life
This capability isinitially affected by the sociopolitical context

of the country and specifically by the social and infrastructural
conditions of the city. As one participant recounted,

We left Cauca, displaced by the violence. We also
lived in Putumayo for a few years, but in 2009 they
kiled my brother, and we had to leave
again—displaced by the violence. [Female 21 years]

(Cauca and Putumayo are departments in southern Colombia
that have been heavily affected by armed conflict.)

In some cases, participants explicitly linked their visua
impairment to episodes of violence. One participant explained:

I’ve been living in Cali for four years, which is also
how long I’ ve had this condition (low vision). | was
living in my village at the time, and | came here to
study. It was around then that the incident happened
— someone attacked me to steal my phone and other
belongings. [Male, 23 years]

Similarly, another participant shared:

I lost my sight when | was 20 years old, as a result of
a firearm injury. After that—well, thank God—
recovered well after about a year. It was like a
sabbatical year, where | didn't really do anything,
because at the time, | didn’t know how to get my life
back on track. [Male, 29 years)

Beyond the direct consequences of violence, participants also
pointed to everyday urban dynamics that fail to prioritize the
safety and dignity of peoplewith visua disabilities. In particular,
unsafe social behavior—such asthe frequent disregard for traffic
rules by drivers—emerged as a recurring concern. Falls,
collisions, and traffic accidents were identified as major threats
to personal safety and mobility. Several participants described
incidents in which they had sustained serious injuries.

| fell into the gap and ended up on the road, between
the station platform and the bus. [Female, 31 years]

One participant told during the interview that her brother, who
was also blind, wasthefatal victim of atraffic accident 2 months
earlier, when hewas run over by acar while crossing the street.

Bodily Health

Participants have access to the Colombian health system and
benefit from rehabilitation services that focus on orientation
and mobility. Participants from rural areas only accessed these
services once they arrived in Cali. Regarding access to basic
AT, dthough there is a route to obtain it through the health
system, acouple of participantsreported that it is cumbersome.
However, they say that canes are more readily avail able through
the mayor’s office.
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Financial instability has led to periods where participants
nutrition and living conditions have been compromised. Asthe
following quotesillustrate:

When | was little and still living with my mom and
siblings, we got evicted because we couldn’t pay the
rent anymore. e ended up moving into thefirst place
we found, but it was full of rats—and I'm really
scared of them. [Female, 54 years)

There were hard times, times of real scarcity.
Sometimes you had to really stretch things—ike
cutting back a lot on food—ust to pay for basic
services, because skipping those payments wasn’t an
option. [Female, 21 years]

Bodily I ntegrity
Participants have received training that enables some degree of
autonomy in navigating the city using awhite cane. Nonethel ess,

the freedom to move around safely is frequently compromised
by risks of physical injury and insecurity.

Technology plays an essential role in facilitating mobility for
participants, with apps aiding navigation and transportation.
However, while most participants own smartphones, many do
not have consistent access to mobile data to ensure these apps
function effectively.

Some participants limit navigation to familiar areas or rely on
human assistance due to safety concerns and technological
limitations. Experiences of mugging and other safety risks
further hinder their mobility, independence, and willingness to
use technology in public.

My phone was stolen at the station while | used a
transportation app to check my bus arrival time for
work. It was early, and | thought | was alone since |
heard no one nearby. [Male, 40 years]

Others are not unaware of the risksin public spaces—they just
have alower perception of the danger, or they chooseto manage
the risk rather than give up the technology atogether. Instead
of avoiding it, they take precautions to reduce the chance of
getting robbed.

I’mone of those people who saysthat blind folks don't
get robbed —and yeah, peoplelaugh when | say that,
hahaha. Sure, | know plenty of blind people who've
been robbed — but that's because they gave papaya
(in Colombia, that means making yourself an easy
target). You just can't give papaya! I've been in
dangerous situations before, but thank God, I've
always gotten out safely. I've never been robbed.
[Male, 39 years]
During the focus group, when participants discussed the
disadvantages or risks of using technology, the first issue that
came up was personal safety. As illustrated in the following
quote:

The first thing that comes to mind is safety. For
example, around here everyone talks about Lazarillo
and all those apps—but | don't use any of them,
because | don’t take my phone out. e become very
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visiblewhen we pull out our phones, hold themto our
ear, or start using them. That makes me an easy target
for someone to steal it. Given the context we livein,
it just doesn’t work for me—it actually makes me feel
even more unsafe. [Male, 37 years]

After sharing stories about people they knew who had been
victims of phone theft, participants went on to describe the
strategies they use to avoid becoming targets themselves. For
example, the 2 femal e participants said they use headphones so
they do not have to take their phones out of their pockets, and
they hide the headphones with their hair.

Safe mobility is essential for achieving various functionings,
but its impact extends beyond simply moving freely and
avoiding aggression. One participant noted that communication
is a mgor chalenge for those unable to move independently.
He added that autonomous mohility is crucial for meaningful
interactions, including forming personal relationships, such as
finding a partner.

Not walking alone makes others, even friends,
perceive a person with a disability differently. They
already have questions about your disability, which
you must address when interacting with them.
However, if they see you always relying on someone,
it becomes much harder to connect with them. [Male,
24 years)
Several interviewees noted that being a woman heightens their
fear during independent travel, whether on public transport or
walking in the streets. One participant shared,

Regardless of disability, ethnicity, or economic status,
being a woman increases the risk of aggression,
especially sexual violence. Being a woman in Cali,
andintheareas| frequent, isterrifying. People often
mock me with idiotic comments. Just the other day,
someone said, ‘Oh, you're so pretty, but what a pity
about that stick (the cane). [Female, 21 years]

Senses, Imagination, and Thought

With the exception of 2, all participants completed high schoal,
and about half (n=10) pursued higher education. AT, such as
screen readers and text-to-speech apps, are widely used.
However, those who studied before advanced technol ogies faced
significant barriers, such as manually converting documentsto
audio or advocating for accommodations. Despite these
challenges, most described their education positively but noted
limited career options due to inaccessible educational and
professional pathways. Asa19-year-old participant explained,

| chose law by default. | picked it because I'm good
at public speaking, but do | truly enjoy it? No. Our
optionsarelimited, even if they seem abundant. While
barriers can be overcome, I'm not willing to exhaust
myself doing so. [Participant, 19 years)

Practical Reason

Participants' decision-making reflects strong priorities and
resource management, aided by technology for accessing
information and connecting with advocacy groups. However,
uncertainty and anxiety about the future, especially among those
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newly adjusting to disability, hinder long-term planning. As
one 19-year-old male shared:

| don’t think about the future. It doesn’t exist—it's
just conjecture, you know? I’ ve learned not to stress
over it. For me, the future would mean a stable job,
continued training, and... that'sit. [Male, 19 years]

While technology plays a vital role in accessing information
and socia networks, accessibility issues remain a significant
challenge.

Affiliation

People mostly connect with family members and others with
visual impairments, but they find it hard to build relationships
beyond those close groups. Strong support networks often form
in educational or social contexts, such as public libraries, and
through cultural or adapted sports activities. However, barriers
persist, including discrimination, ableist remarks, and
inaccessible public infrastructure, which often prioritizes
property over safety.

Do you think peopl e respect the few podotactile guides
that exist? No, they park their cars on them. If you
get too close, they say, "You're going to scratch my
car," forcing you onto the road and into danger.
[Female, 54 years]

Participants also face employment challenges, frequently
working in roles they are overqualified for or in part-time
positions with insufficient pay. Visual impairment complicates
socia interactions, as one participant noted:

Sometimes relati onships begin with alook, but without
that, it's already one point less, isn't it? And then
there' s the hesitation people feel toward disabilities.
[Male, 45 years]
Accessing services adds to these difficulties. City buses
equipped with loudspeakers frequently have these systems
turned off, while shopping malls present physical accessibility
barriers; additionally, salespeople often fail to recognize persons
with disabilities as customers.

I’ve never gone shopping alone. | have no way to
orient myself in a mall, and | don't like arriving
somewhere unfamiliar and having to wait for someone
to help me. Salespeople usually don't realize that a
blind person with a cane can be a customer. [Female,
31 years|
While technology, such as social networks and apps, has
improved accessibility, significant issues remain, such as
inaccessible ATMs, banking apps, and dating platforms such
as Tinder (Match Group, Inc), where user photos lack proper
descriptions.

Other Species

Participants express satisfaction with their ability to engage
with nature through their other senses. Despite somelimitations,
they continue to find joy and fulfillment in their sensory
experiences and interactions with the natural world.
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Play

Available opportunities include participation in adapted sports
and recreationa activities supported by local initiatives.
Participants enjoy activities such as listening to music, radio
programs, and audio-described films. However, financial
limitations restrict their accessto abroader array of recreational
options.

Control Over On€'s Environment

Political involvement is marked by participation in advocacy
activities and voting, though challenges such as discriminatory
treatment and the need to navigate physical barriers persist.

Material control is constrained by the scarcity of full-time
employment and inadequate financial stability. Issues with
banking and consumer services, compounded by inaccessibility
and discrimination, affect their ability to manage material
resources effectively.

Themes I dentified Through the I nductive Analysis

Theinductiveanalysis of interviews and focus group discussions
revealed 3 interrelated themesthat reflect participants’ subjective
experiencesand prioritiesin everyday life. Thesethemesinclude
the aspiration to express and expand their movement potential,
the importance placed on maintaining a positive and attractive
personal appearance, and the strategies used to avoid
confrontation and maintain social harmony.

Desire to Exploit Movement Potential

A prominent theme in the interviews was the frustration many
participantsfelt regarding their limited mobility. They expressed
this frustration over their inability to fully experience freedom
of movement, navigate the city and its spaces because of
infrastructural barriers, and socialize due to a lack of bodily
experience. Additionally, they cited deficiencies in ADs as a
contributing factor.

Participants frequently noted that the cane, while essential,
places limitations on their freedom of movement and enforces
arigid posture, making their gait different from others.

The caneforcesyou to maintain a fixed posture, which
limits your ability to move naturally. Unlike others
who can easily turn and walk freely, we can't move
the same way. [Male, 47 years)

Many expressed a strong desire to engage in motor activities
that are currently restricted for them, such as riding a bicycle,
running, swimming, dancing, and skating. There was a clear
enthusiasm for speed.

| long to run, but to run alone. | yearn to walk freely,
without a cane, moving as | please. | would love to
ride a bicycle. [Male, 47 years]
In the realm of dance, beyond the desire for self-expression
through movement and the joy of dancing itself, this activity
serves as a crucial means of socialization—especially in this
city, renowned as the salsa capital.

W, | like to dance but | don't know how to do it
well. | lovedancing. ...I doit my own way, in a clumsy
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way, but | do it. ... Yet, | would love to master

dancing. [Female, 56 years]
In terms of technology, while some partici pants acknowledged
the crucial role of the cane, they expressed a need for an AD
that would enhance their mobility with greater security and
fluidity, without compromising their sense of independence or
human qualities. Additionally, they emphasized theimportance
of keeping at least one hand free, as the other one is currently
occupied by the cane.

Although many express hope and enthusiasm for the potential
of AT in enhancing mobility, others caution that the technol ogy
may not address the factors that limit their ability to navigate
the city, particularly those related to human interaction. Asone
participant shared in the following quote:

Many variables are involved. The recklessness of
drivers is one of them. I've heard that in other
countries, people really respect traffic signs and
regulations. If that were the case here, one could
cross the street when the light is red, because you
could trust that drivers would obey the rules. But
that's not the case here. Traffic lights are often
ignored. Motorcyclesalso present a significant issue.
Even when there’'s a pedestrian crossing, not all
vehicles line up properly. If they did, | would know
the boundaries of the space | need to cross.
Unfortunately, that doesn't happen. When I'mcrossing
at atraffic light, | may plan to pass on one side, but
| find one car ahead of another, and then a motorcycle
suddenly appears. [Male, 40 years]

Desireto Look Attractive

The theme of looking attractive surfaced notably, particularly
among female participants. One participant (female, 29 years)
expressed frustration with online shopping due to insufficient
garment descriptions. She also desired AD that would enable
her to perform persona grooming tasks independently, such as
painting her nailsand plucking her eyebrows, activities she used
to do on her own before acquiring a visual disability.

Another participant (female, 27 years) mentioned that if she
had the financial means, she would purchase more clothes and
enjoy activities such as hair dyeing and makeovers. Regarding
mobility AT, she expressed a desire for a discreet or stylish
device that could detect high obstacles and match her clothing.
She confessed, somewhat apologetically, “1"m somewhat vain,
despite my disability.”

A 21-year-old female participant noted her reluctance to use
the cane when she had the option of human assistance,
explaining that the cane did not complement her style.

| thinkit's more like this: it’snot asif | say, 'Oh, that

cane matches my style, how exciting, man!' No, it's

not like people come up and say, ‘What a cool cane,

it goes great with your shirt. [Female, 21 years]
The desire to appear attractive also extends to socia and
romantic interactions. Participants reveal ed that concerns about
attractiveness influenced their willingness to use certain AT.
For example, one participant (male, 40 years) described how
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societal norms and personal shame affected his acceptance of
using acane.

Even though | knew how to get around with my cane,
| always relied on my grandmother, who met me at
the bus stop every day. One morning, | couldn’t let
her know 1'd be early, so | ended up waiting three
hoursinstead of using my cane. That experience made
me realize | needed to start using it. Honestly, the
shame | felt was mostly about what the opposite sex
might think of me. | guess those feelings are pretty
common for young people, shaped by societal
pressures and insecurities. [Male, 40 years|

A female participant (57 years old) noted that her daughter’s
initial embarrassment about using a cane was linked to teenage
concerns about appearance:

She felt embarrassed to use the cane, especially

because, as girls start to become aware of their

attractiveness to boys, they may feel self-conscious.

However, she eventually came to accept it. [Female,

57 years|
Another female participant noted that her embarrassment about
using the cane is heightened when she is around peers of her
age and the opposite sex who do not have disabilities. She
mentioned that she hasrarely discussed thisissue, as sherecently
recognized her feelings of shame and struggled to openly
acknowledge them.

One male participant (45 years old) described his experience
after trying aprototype of an AD that included glasses equipped
with an obstacle-detection camera, expressing strong
reservations.

| wouldn't even go out in public wearing those. First,
they pose a danger— could get robbed. Second, they
look terrible. If you wore them to a party, do you
really think anyone would find you attractive? [Male,
45 years|

The Bid to Avoid Confrontation

Thetheme of avoiding confrontati on appearsin various contexts
throughout the study. For instance, some participants avoid
expressing their palitical viewsto prevent arguments or physical
confrontation.

One participant noted that while he is open about his political
convictions, he often faces derogatory remarks about his
disability when others disagree with his views.

The desireto avoid confrontation al so emergeswhen participants
describe their experiences with ableism. Many report feeling
frustrated by ableist treatment but choose to remain silent to
avoid conflict. For example, aparticipant shared an experience:

They see you with a cane and automatically lock you
in the world of the blind, of the <what a pity>, of
<how do you manage to walk by yourself?>. Also,
they think they have the right to ask questions and
make silly expressions. One day | was with my cane,
| sat in the Bus and a woman came up behind my ear
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and said to me: <You have to pray a lot so that the
spirit of blindnessleavesyour life> [Female, 29 years]

Such incidents often deter individuals from using ADs, fearing
further stigma.

Another participant recounted an incident where he felt
threatened after unintentionally pushing another man while
stumbling in a public bathroom. Since he was in a familiar
location, hewas not using his cane. To prevent aconfrontation,
he apologized and explained his condition.

This theme underscores the dual role of the cane. Whileit can
signal vulnerability and deter aggression, it can also trigger
stigmati zation. Participants sometimes avoid using the cane to
prevent negative reactions, which may impact their overall
functionality and social participation.

Discussion

Principal Findings

Thediscussion beginsby highlighting the centrality of autonomy
in participants’ conceptions of WB and itsimplications for AT
design (“The Good Life and WB”). It then reorganizes
functionings into 3 analytical categories: “Most Valued
Functionings,” “Insecure Functionings,” and—based on their
enabling or limiting effects—" Corrosive Disadvantages’ and
“Declustering Disadvantage” This is followed by a review of
participants experiences with specific technologies in
comparison to existing literature (“AT and the Creation of
Opportunities and Barriers in Participants Daily Lives’). The
final sections present emergent sociocultural themes (“ Themes
Identified Through the Inductive Analysis and AT”) and
integrate all theoretical strandsinto asituated analysis of agency,
risk, and design (“AT Between Opportunity and Constraint”).

Main Results

The Good Life and WB

This study aimed to examine how AT creates opportunities and
barriers in participants' daily lives and influences their WB.
We first explored the concept of an ideal life, which informed
our understanding of participants perceptions of a good life
and WB.

Thisvalued way of lifeincludes, but isnot limited to, WB [57].
WB, on the other hand, is assessed in terms of the achievement
of functionings that people value and incorporate into their
conception of agood life [34].

While interviewees widely valued agency, opinions on
autonomy varied. A few participants preferred autonomy over
independence, noting that dependence is a natural part of life.
However, others viewed autonomy as minimizing reliance on
othersfor daily activities.

This distinction is especially important when considering how
AT is developed for persons with disabilities. While the desire
for independenceisavalid and often central driver in AT design,
it can sometimes overshadow other dimensions of daily life.
Bennett et a [58] argue for reframing AT through a lens of
interdependence, emphasizing that technol ogies are embedded
in relationships, routines, and environments—not isolated
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solutions. Similarly, Joskow et al [59], using the CA, show that
the value of AT lies not only in enabling functional tasks but
also in supporting participation, emotional WB, and meaningful
choice. These perspectives highlight the need to design AT with
amore holistic understanding of how persons with disabilities
navigate and shape their worlds.

This becomes particularly evident when comparing the
experiences of different users. One male participant, reflecting
on the challenge of crossing at traffic lights, shared, “An AT
devicewouldn’t work aswell for that kind of situation, because
it's still dangerous.” Even with a guide dog, he noted, it's hard
to manage therisks posed by recklessdrivers. He al so described
the value of informal social interactions that occur in public
space, “ Sometimes | walk a bit on my own and someone will
say, ‘Hey, where are you headed? ...I've even met people that
way—jpeople who later became friends”

In contrast, a female participant expressed a clear preference
for technological assistance over human help, “1 would much
rather have a device than a person helping me, because I'd feel
like I’ m working together with the device—and that makes me
feel more autonomous...it's perfect!” She added, “Regardless
of its size or how it looks, having a tool that helps us move
around independently is incredibly important” Even if the
deviceis"big, ugly, or heavy,” she saw it as empowering—what
mattered most was the sense of self-reliance it enabled.

Both perspectives offer valuable insights for AT design.
Listening to this diversity of lived experience helps avoid
defaulting to a one-size-fits-all model centered solely on
individual autonomy. While preferenceslike those of the second
participant—who expressed enthusiasm for any device that
enhancesindependence regardless of size or appearance—may
seem appealing to designers because they reduce complexity,
relying solely on such responses can be misleading. If designers
prioritize these simplified preferences without accounting for
broader user expectations—such as comfort, discretion,
aesthetics, or social dynamics—they risk devel oping yet another
device that ultimately fails to meet the needs of a wider group
of potential users. Truly inclusive design must engage with this
heterogeneity, acknowledging not only aspirationsfor autonomy
but also the embodied, emotional, and relational dimensions of
navigating everyday life.

Most Valued Functionings

Among the functionings most valued by participantsfor agood
life, material security—primarily through work as a source of
income—stood out. Other key functions included affiliation,
education, sports, health, and mobility. This aligns with Wolff
and De-Shdit findings, which identify core categories of
functioning, including life, bodily health, bodily integrity,
affiliation, environmental control, and senses, imagination, and
thought [21].

I nsecure Valued Functionings

Although these functionings are highly valued by participants,
they remain insecure for a significant proportion of them.
Employment challenges are prevalent, reflecting findings from
other studies that report low employability, poor working
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conditions, lower wages, and job instability for people who are
blind or have low vision [60-63].

Similarly, while participants emphasi ze the importance of family
and socia networks, they also highlight barriersto full inclusion
and socia participation, making affiliation another insecure
functioning. These challenges are consistent with existing
literature, which associates limited social engagement with
reduced WB and identifies significant social stigma and
restricted access to goods and services for persons with visual
disabilities, in both public and private spaces [62,64-67].

Giventheviolence, physical barriersin urban areas, and societal
attitudes, life and bodily integrity also emerge as insecure
functionings. Empirical studies support these findings, citing
fals, life-threatening injuries, and higher mortality risksamong
persons with visual disabilities [68,69].

Education, including higher education and vocational training,
is generally seen as a secure functioning. Despite Colombia’'s
highilliteracy rates among personswith disabilities, participants
in this study appear to have attained higher levels of education
than the national average for persons with disabilities [70,71].

Finally, although al participants have health insurance, some
have faced precarious situations that question health’s security
asafunctioning, particularly given the material insecurity caused
by unemployment.

Corrosive Disadvantages

Overview

Efforts for social justice should prioritize groups experiencing
multiple disadvantages. Partici pants highlighted unemployment,
lack of affiliation, and mobility barriers as significant corrosive
disadvantages.

Unemployment or underemployment threatens basic
functionings such as housing, food, health, and life, while also
limiting leisure, education, and recreation due to financial
constraints. Studies show that income loss exacerbates social
isolation, diminishes status, and islinked to reduced WB, limited
access to healthcare and education, declines in health, and
increased mortality risk [72-75].

Insecurity in affiliation similarly undermines other functionings.
Participants often face disrespect and unequal treatment, which
compromise job security, environmental control, and freedom
of movement without risking safety and WB. Research links
socia exclusion with limited participation in economic, social,
and culturd life, resulting in poverty, unemployment, inadequate
health care, and poor housing for persons with disabilities
[67,76-78].

Restricted mobility constitutes another corrosive disadvantage,
asit directly undermines functionings such as accessto essential
services, physical activity, communication, WB, and social
inclusion. Research highlights the importance of sensorimotor
abilities in social interaction [79,80], with decreased mobility
linked to isolation and lower satisfaction [81].
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Declustering Disadvantage

Identifying corrosive disadvantages highlights the importance
of fostering fertile functionings—those that support resilience
and WB. Participation in adaptive sportsis a clear instance, as
research shows that each additional year in adaptive sport is
associated with a4% increase in employment likelihood among
peoplewith physical disabilities[82]. In our study, involvement
in sports provided income, travel subsidies, and social
connections. It supported capabilities such as affiliation, bodily
integrity, and control over one’s environment.

Employment al so served as afertile functioning when conditions
were fair, remuneration equitable, and respect for dignity was
present. Studies indicate that AT access in the workplace is
strongly linked to employment retention and productivity among
individuals with visual disabilities [83].

As pivotal conversion factors, AT tools such as screen readers
and accessible mobile apps enabled participants to use digital
platforms daily—facilitating email, social media, and work
tasks [84]. As a result, these technologies not only support
function, but also reinforce confidence and autonomy.

Although participants used diverse ATs, this paper focuses on
representative examples. Further research should explore a
broader array of technologies and how they foster capability
and reduce disadvantage across different daily contexts.

Mobility technologieswarrant particular attention. Studies show
that interactive navigation tools can significantly enhance users
spatial confidence and independence [85]. Participants
emphasized that AT, which enables seamless environmental
i nteraction—not just orientation or obstacle
avoidance—enhances their movement potential, autonomy,
self-efficacy, and engagement with public space.

AT and the Creation of Opportunitiesand Barriersin
Participants Daily Lives

AT has opened multiple avenues for expanding capabilities
among persons with visua disabilities, supporting valued
functionings across educational, occupational, and socia
domains. Participants in this study described how information
and communication technologies have enhanced their
performance in academic tasks, enabled participation in the
labor market, and expanded opportunities for leisure and
connection. These tools facilitated informed decision-making,
strengthened social networks, and increased personal visibility
in both professional and interpersonal contexts [86].

Mobility technologies, including white canes and mobile
navigation apps, were also perceived as crucia for promoting
gpatial autonomy. They allowed individuals to traverse their
environments more independently, access public and private
spaces, and engage in civic and socia life. AT also enabled
participants to perform essential tasks such as banking and
online shopping, thereby enhancing their control over daily
routines and improving their sense of independence.

However, participants also identified significant barriersto AT
use—barriers that highlight the ambivalence of technology in
their daily lives. As Moser [87] argues, technology does not
simply empower—it also has the capacity to withdraw agency

JMIR Rehabil Assist Technol 2026 | vol. 13 | €72306 | p.240
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES

by rendering difference hypervisible or by reinforcing stigma.
This tension was evident in the accounts of participants who,
while recognizing the utility of AT, expressed concern about
its potentia to attract unwanted attention, particularly in contexts
marked by high levels of urban violence. In these settings,
visibility becomesaliahility, increasing therisk of theft or social
targeting.

This ambivalence was especially pronounced in public spaces.
While some participants preferred discreet technol ogiesthat do
not mark them as disabled, others acknowledged that visible
devices, such aswhite canes, could help signal their needs and
elicit assistance. These findings resonate with Dos Santos et al,
who found that aesthetic and symbolic dimensions strongly
influence the acceptability and use of AT [88]. Similar insights
have emerged in studies from the Global South, such as
Barbareschi et al [89] work in Kenya, where ADs can either
mitigate or exacerbate stigma depending on the sociocultural
context.

Thus, the potential of AT to support WB isconditioned not only
by its functional properties but by its aignment with users
social environments and identities. When well-designed and
contextually — appropriate, AT can foster fertile
functionings—such as autonomy, affiliation, and environmental
control. However, when AT is experienced as stigmatizing,
risky, or misaligned with local realities, it can become a source
of discomfort or even exclusion. This dynamic reinforces the
importance of attending to not just technical efficiency, but also
social safety, emotional meaning, and contextual sensitivity in
design and policy.

Themes Identified Through the Inductive Analysisand AT

In Latin America, physical appearance holds significant value,
rooted in colonia legacies that entrenched hierarchies by
emphasizing differences between colonizers and the colonized.
These hierarchies associated power with traits such as being
European, patriarchal, White, wealthy, heterosexual, and
able-bodied. Disahility, conversely, was linked to negative
characteristics such as unproductivity and rebellion, devaluing
disabled bodies and dissociating them from beauty [90,91]. This
detachment wasreflected ininterviews, where participants either
avoided discussing physical appearance or addressed it
obliquely. One participant remarked, “I am somewhat vain
despite my disability.”

Thedesirefor attractivenesswas particularly pronounced among
women, aligning with research that connects beauty ideals to
women'srolesin Latin American cultures[92,93]. In Colombia
and Brazil, beauty is often tied to socioeconomic status and
professional opportunities [94,95]. While beauty remains
culturally valued, ADs such as canes—symbolizing
disability—are perceived as aesthetically unappealing and are
sometimes rejected.

Aesthetics influence social interactions beyond economic
implications. Participants expressed adesire to appear attractive
to the opposite sex but seldom mentioned romantic aspirations,
potentially reflecting aspirational frustrations. This tension
between appearance and relational expectations emerged more
clearly in the focus group discussions, which revealed the need
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for greater accessibility on dating platforms such as Tinder,
highlighting participants openness to using AT to facilitate
social interactions and romantic relationships.

Limited mobility emerged as a recurring challenge, restricting
participants' navigation skills and engagement with urban
environments. Kukla's concept of spatial agency—the ability
to autonomously use space—captures this dynamic. City
navigation requires interaction with people and environments,
relying on cues such as body language, eye contact, and street
signs[96]. Existing mobility AT primarily addresses orientation
and obstacle detection but lackstoolsfor effective environmental
engagement. Participants’ adaptive strategies highlight the need
for improved AT design. Kuklaal so emphasizesthat movement
pace and aesthetic norms influence spatial navigation [96].
Participants underscored that AT should enhance autonomy
while enabling natural interaction with tasks and people, without
disrupting rhythms.

AT design must prioritize the user’'s holistic experience,
accounting for the diverse environments they navigate [97].
This context extends beyond controlled settings, incorporating
cultural meanings of disability, prior interactions, and broader
social, historical, and political factors. The social realities of
designers in the Global North often differ significantly from
those of persons with disabilities or usersin the Global South,
as do their perceptions of aesthetics and its functional role in
daily life.

AT Between Opportunity and Constraint: A Situated
Analysis of Agency, Risk, and Design

In Colombia, defying dominant social norms often entails
serious consequences, frequently enforced through violence.
This violence is not limited to state ingtitutions;, nonstate
actors—including armed groups and criminal
organizations—have aso enforced normative boundaries.
Individuals who  chalenge  socialy  constructed
expectations—such as LGBTIQ+ (lesbian, gay, bisexual,
transgender, intersex, and queer) persons, |ndigenous peoples,
Afro-Colombians, and social |eaders—are disproportionately
subjected to threats, forced displacement, and even nation
[98,99]. In cities such as Cali, such patterns have at times been
reinforced by criminal governance structures that monitored
daily life and punished perceived transgressions, exerting
coercive control over entire neighborhoods [100]. In these
contexts, expressing anonnormativeidentity or dissent becomes
ahigh-risk act, revealing how violence operates as amechanism
of civic regulation.

This coercive environment encourages conformity not through
democratic consensus but through fear. Individuals internalize
the threat of retaliation, adapting their appearance, behavior,
and speech to avoid becoming targets [98]. Over time, this
normalizes silence and compliance, particularly in communities
with limited institutional protection. Violence, therefore,
becomes astructuring force that shapes notions of “ acceptable”
citizenship and sustains systems of exclusion.

Within this broader context, ableism functions as a parallel yet
distinct form of disciplinary control. In Colombia, personswith
disabilities who defy normative expectations—by asserting
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rights, demanding visibility, or rejecting passive roles—often
faceingtitutional neglect, attitudinal bias, and spatial exclusion.
The Constitutional Court has described this as the product of
“a segregating and exclusionary culture” that restricts life
trajectories for persons with disabilities [101]. In
conflict-affected areas, civic engagement can become arisk in
itself, as some persons with disabilities avoid visibility out of
fear of losing access to essential services [102]. Ableism
reinforces conformity not through overt coercion, but through
anticipated punishment—governing behavior, silencing dissent,
and normalizing invisibility [103].

From the perspective of the CA, these exclusionary and coercive
dynamics represent severe constraints on individuas real
freedoms to pursue lives they have reason to value. Structural
violence, institutional neglect, and everyday surveillance
undermine central capabilities such as bodily integrity,
affiliation, and control over one’'s environment [18]. These
forces not only restrict access to resources but also impair
agency itself, fostering anticipatory compliance and silencing
non-normative expression.

Whilethe CA emphasizes agency and meaningful choice, it has
been critiqgued for undertheorizing the sociopolitical and
ideological conditions that suppress agency—particularly in
contexts marked by systemic domination and fear [20,104].
Although Sen acknowledges power structuresthrough the notion
of conversion factors and has addressed issues such as
identity-based violence and gender inequality, he providesonly
a partial theorization of how social and institutional forces
constrain choice [20]. In response, critical theorists emphasize
that agency is aways situated—shaped by hegemonic
ideologies, historical inequalities, and structural constraints
[20]. These insights enrich the CA by highlighting how
oppression is not only material but also discursive and
normative.

AT becomes a key analytical entry point in this discussion.
Within the CA, AT functions as both a resource and a
conversion factor—potentially expanding real freedoms by
enabling val ued functionings such as mobility, communication,
and social participation [9,18]. Yet in contexts shaped by
criminal governance, stigma, or weak ingtitutional presence,
AT's capacity to enhance capabilities may be compromised.
Fear of surveillance, ridicule, or exclusion can deter individuals
from using AT, effectively transforming it into a corrosive
disadvantage—a concept from DT that refers to resources that
worsen users' conditions in hostile environments [21].

In cities such as Cali, where high levels of urban violence
intersect with limited protection for vulnerable groups,
participants reported avoiding certain technologies out of fear
for their personal safety. While navigation apps and
mobile-based tools might enhance autonomy in principle, in
practice, they often increase visbility and perceived
vulnerability in public space. As shown in the findings, such
riskslead many to forgo potentially beneficial technol ogies, not
because of alack of interest or understanding, but because the
act of using them carries a socia and physical cost that
undermines the very freedoms they are meant to support.
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This reflects a broader pattern in which structural violence
becomes embedded in everyday decision-making. Technology
adoption is shaped not only by access and design, but also by
how individuals negotiate exposure, safety, and autonomy in
hostile or unstable environments. In this sense, the very tools
intended to promote inclusion may reinforce exclusion when
they are not aligned with the social conditions and lived
experiences of their users.

Moreover, AT design and policy often reflect biomedical or
market-driven logics, failing to account for cultural preferences,
affective experiences, and social risks. Research shows that
when AT is perceived as overly medicalized or aesthetically
stigmatizing, it is more likely to be abandoned—despite its
functional benefits [105,106]. In Latin American contexts,
aesthetic appeal and discretion are not merely preferences but
protective strategies in public spaces marked by insecurity.
Orellano-Colon et a [105] found that Hispanic users preferred
AT devices that did not draw attention, valuing discretion and
aesthetics aongside functionality. In Colombia, where
individuals must navigate public visibility with caution, design
decisions can significantly impact the acceptability and
sustainability of AT use.

Emotional  responses—such as shame, pride, or
resignation—often remain unspoken but can be inferred from
narrative silences, reflecting adaptive preferences. Rather than
ignore these silences, designers should interpret them as
meaningful indicators of unmet needs—shaped by structural
disadvantage—and take them into account in participatory
design.

Given that the aim of this study was to understand the role of
technology in the lives of people with visual disabilities in
LMICs, and how AT shapes opportunities, barriers, and WB,
the findings underscore both the promise and limits of AT.
While AT cannot resolve the structural inequalitiesthat underpin
marginalization, it can be designed to mitigate their effects.
This requires that designers pay careful attention to users
cultural values, local forms of risk management, and
context-specific aspirations. Culturaly sensitive design that
values emotional WB and aesthetic dignity is more likely to
foster meaningful adoption and sustained use.

Applying the DT alongside the CA allows for a more nuanced
understanding of how AT impacts people's lives. It invites
researchers and designersto consider not only what atechnology
enables, but what it may jeopardize, particularly when social
or environmental conditions are hostile. As the findings show,
AT that is context-blind risks becoming ineffective or even
harmful. Design processes must therefore attend to fertile
functionings—those that support broader forms of agency and
resilience—while actively avoiding the reproduction of corrosive
disadvantages.

Limitations

Although the study used rigorous qualitative methods and
achieved thematic saturation, the sample size (N=19) and
composition—skewed toward younger and more educated urban
residents—may limit the diversity of perspectives captured.
Future research should includelarger and more demographically
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diverse samples, especially individuals from rural areas, older
adults, and persons with visual disabilities with intersecting
marginalized identities, to further explore how AT and structural
disadvantage interact in varied sociocultural contexts.

While the study aimed to include participants from both urban
andrural areas, thefinal samplewas predominantly urban. This
may have limited the representation of geographically diverse
experiences.

Additionally, the snowball sampling strategy, while effective
in reaching a specific population, may have introduced bias by
concentrating perspectives within existing social networks.

Certain themes, such as romantic relationships, were
underexplored due to study design limitations. However, the
focus group offered deeper insights, showing that group
discussions encourage openness on sensitive topics.

Even if this study does not cover all 10 of Sen's capabilities, it
supports the framework’s relevance in analyzing AT users
needs. Future research should further explore the specific
characteristics of AT and how they align with users daily
realities.

Conclusions

This study sheds light on how AT is woven into the everyday
lives of people with visual disabilities in Colombia—not just
astools, but as companions, barriers, enablers, and sometimes
sources of tension or silence. In acontext marked by inequality,
insecurity, and deep socia stigma, AT does not operate in a
vacuum. Whether it supports or hinders WB depends on how
it fitsinto peopl€e's lived redlities, relationships, environments,
and desires.

By combining the CA with DT and acritical lens, wewere able
to see not only the functionings participants valued—such as
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education, work, and independence—but also the emotional
and socia costs of trying to pursue them. Technologies that
might promise autonomy in one context could increase
vulnerability in another. A navigation app or white cane, for
instance, might enhance freedom, but also attract unwanted
attention in unsafe public spaces. For many, using AT meant
balancing aspirations with risk.

Participants told stories of resilience, but also frustration. They
spoke of wanting to be seen as attractive, of yearning for
movement without fear, of choosing silence over confrontation
to stay safe. Others left things unsaid—particularly around
relationships and intimacy—pointing to desires that are often
overlooked, even by well-intentioned designers and researchers.

These findings remind us that the voices of people with
disabilities in the Global South need to be at the center of
technology design—not just in consultations or interviews, but
asfull collaboratorsin research and development. The choices
they make, the things they value, and even what they choose
not to say are powerful forms of knowledge. Listening deeply
to these experiences helps us understand what truly makes a
technology meaningful.

To create technologies that genuinely support WB, we must
look beyond technical fixes. We must ask, does this technology
help someone live the life they have reason to value? Does it
support their dignity, their safety, their hopes? These questions
cannot be answered by engineers or policymakers alone. They
require interdisciplinary collaboration—between designers,
social scientists, humanists, and most importantly, people with
disabilities themselves.

Ultimately, this study shows that AT holds enormous
promise—but only if it is rooted in empathy, shaped by
real-world complexity, and open to the diverse ways in which
people navigate, resist, and imagine their worlds.
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Abstract

Background: Fibromyalgia (FM) causeswidespread pain, fatigue, and cognitive abnormalities. Cervical pain isacommon and
debilitating symptom.

Objective: Thisstudy aimsto evaluate the effectiveness of virtual reality (VR) asatreatment for chronic cervical pain experienced
by patients with FM.

Methods: A single-blind randomized clinical trial was conducted. A total of 56 women were randomly assigned to 3 groups:
G1 (VR+cervical mobility exercises), G2 (cervical mobility exercises), and the control group. Therapy was administered twice
aweek for 4 weeks. Variables such as disease impact, quality of life, kinesiophobia, pain, range of motion, fatigue, and treatment
adherence were measured.

Results: The mean age of the participants was 54.26 (SD 7.7) years. Participants were overweight, with a mean BMI of 28.7
(SD 7.8). Themean visual analog scalevaluewas6.72 (SD 1.8). The baseline valuesfor age, BMI, visual analog scale, algometric
measures, and functional capacity (measured using the Timed Up and Go test, cervical rotation, and lateral displacement) were
similar across the 3 groups. Following the intervention therapy, the control group did not exhibit notable improvement (mean
3.5, SD 1.4; differences of mean values —0.46, 95% CI —1.1 to 0.2; P=.15), particularly in pain perception, while both therapy
groups did show improvements (G1: mean 3.8, SD 1.1; differences of mean values 1.2, 95% CI 0.78-1.54; P<.001; G2: mean
2.8, SD 1.8; differences of mean values 1.2, 95% Cl 0.66-1.7; P<.001). Both intervention groupsimproved significantly compared
to control postintervention in FM impact (CG vs G1.: differences of mean values 9.31, 95% CI 14.7-3.8; P<.001; CG vs G2
differences of mean values 8.4, 95% CI 13.84-3.06; P<.001), central sensitization (CG vs G2: differences of mean values 7.53,
95% Cl 12.12-2.95; P<.001), and cervical disability (CG vs G2: differences of mean values 6.44, 95% Cl 9.93-2.94; P<.001).
However, at 1 month, only G1 maintained superior improvements across al measures, including a reduction in kinesiophobia
(G2: differences of mean values 6.2, 95% CI 4.7-9.8; P<.001), indicating a more sustained effect of the combined approach.

Conclusions. The combination of VR with cervical mobility and strengthening exercises produced superior and sustained
improvements in women with FM compared to exercise alone or control. Significant benefits were observed in disease impact,
central sensitization, cervical disability, and kinesiophobia, with effects maintained at 1 month only in the VR group. These
findings support VR as an effective adjunct to enhance symptom management and treatment adherencein FM.

Trial Registration: Clinical Trials.gov NCT05933941; https.//clinicaltrials.gov/study/NCT05933941

(JMIR Rehabil Assist Technol 2026;13:€81158) doi:10.2196/81158
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chronic neck pain; exercise; fibromyalgia; virtual reality; randomized controlled trial
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Introduction

Fibromyalgia (FM) is a disease that causes widespread chronic
pain and intense fatigue along with many other symptoms|[1-3].
Historically, there was some skepticism among health care
professionals regarding the existence of this disease and its
classification as a mental disorder. Such skepticism may have
arisen from concerns about the optimal use of resources in
providing care for individuals with FM [3,4]. It is estimated
that this disease affects between 2% and 4% of the Spanish
population, making it the most common cause of diffuse chronic
musculoskeletal pain. Notably, the prevalence is much higher
in women, with aratio of 8:1 [5-7]. Itsincidence is increasing
because of theimprovementsin diagnostic criteriaand advances
in research that are bringing this pathology to light [7,8]. Given
its high prevalence, this disease represents a significant public
health concern [9,10].

Currently, there are no specific diagnosis tests available for
confirming an FM diagnosis. Historically, an FM diagnosiswas
based on the presence of widespread pain in at least 11 of 18
designated tender points for a duration of 3 months. However,
this criterion proved insufficient to capture the complexity of
the disorder. Consequently, more comprehensive diagnostic
frameworks have been developed, including a range of
associated symptoms such as fatigue, joint stiffness, cervical
and lumbar pain, muscle weakness, depressive symptoms,
gastrointestinal issues, cognitive impairments, and balance
aterations. Collectively, these manifestations significantly
compromise the quality of life of individuals affected by FM.
This pain can become disabling during flare-ups and even
become chronic, often being a cause of recurrent absencesfrom
work [11].

Unlike pain associated with asedentary lifestyle or poor posture,
neck pain in FM results from a complex interplay between
physiological, neurological, and psychological factors. Chronic
pain often involves the cervical spine, leading to acute and
prolonged pain episodes, along with muscle tension in the
suboccipital, trapezius, and elevator scapulae muscles. It is
thought that several factors may contribute to this chronic pain,
including central pain senditization, nervous system
dysregulation, sleep disturbances, muscul oskeletal changes, and
psychological and emotional factors[11-13].

Inrecent years, new therapeutic approaches have been explored
to improve symptomatology and thus patients’ quality of life.
One of the main challenges in treating patients with chronic
pain, particularly those with FM, is their low adherence to
physical therapy exercises. This may be due to factors such as
severe pain and fatigue, a fear of worsening symptoms, a lack
of understanding about exercise benefits, inadequate support
and supervision, and frustration with slow improvement. To
address these issues, it would be beneficial to adopt a
comprehensive approach that involves educating patients
regarding the benefits of exercise, customizing programs
according to individual needs, providing ongoing support via
health care professionals, managing pain and fatigue during
exercise, setting realistic expectations, and recognizing
achievements [14-16]. It may be beneficial to consider a
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treatment plan that incorporates aerobic activities, strength
training, and stretching exercises [17-19]. However, this type
of therapy may be limited by kinesiophobia. One possible
solution to this issue could be the use of virtua redity (VR)
technology. Exercise interventions delivered through VR have
shown superior efficacy in aleviating the core symptoms of
FM, including pain, fatigue, and stiffness, while also promoting
improvements in balance and postural control [20]. The
affordability of portable VR devices, combined with their
sustained effectiveness as a nonpharmacological intervention
for chronic pain management, positions VR asapromising tool
with potential future applications asan analgesic modality [21].
Numerous randomized controlled trials have demonstrated that
VR constitutes an alternative and accessible therapeutic
approach for pain management [22].

Immersive VR is an innovative and interactive technology that
generates 3D scenarios, enabling patients to experience highly
realistic simulations while interacting with the virtual
environment using their own hands. VR has been researched
and applied in various contexts for pain management,
demonstrating considerable potential as atherapeutic tool. The
effectiveness of thistherapeutic approach has been demonstrated
for patients with chronic pain, as it addresses several factors,
such as fatigue, kinesiophobia, and range of motion (ROM)
[23]. This therapy can be adapted to suit the specific
requirements of each patient, providing the option to adjust the
level of difficulty from low to intermediate or high. Additionaly,
it offers a variety of game modes that could be beneficial in
targeting different clinical conditions, such as low back pain,
neck pain, and balance disorders [24,25].

The therapeutic mechanisms and components of VR are
distraction, activity management and behaviora activation,
skills-based cognitive behavioral therapy, relaxation training
and biofeedback, positive emotion induction, neuromodul ation,
physical rehabilitation, and reduction of kinesiophobia[8,23,26].

VR can be categorized into 2 main types. immersive and
nonimmersive. Immersive VR involvesthe use of head-mounted
displaysor VR gogglesthat fully cover the visual field and may
include motion sensors for the hands or feet. In contrast,
nonimmersive VR is accessed through conventional screens or
computers, without any device that isolates the user from the
external environment [27] .

Chronic pain has been extensively investigated over the past
decades, and research efforts persist in identifying novel
strategies to mitigate its impact and enhance patients’ quality
of life. VR in both modalities has demonstrated efficacy in
reducing chronic muscul oskeletal pain. These findings support
theintegration of VR asatherapeutic tool in clinical populations
affected by conditions associated with this type of pain [28].

Patients may perceive amplified motion in the virtual world,
depending on the configuration of the headset used. This could
result in small neck flexion in real life being rewarded with
greater apparent motion in VR, which might increase
kinesiophabia[26]. Studies have indicated that for patientswith
chronic low-back pain, kinesiophobiamay be addressed through
VR interventions[20,29,30]. VR helpsto distract an individual
from painful stimuli while exercising in a way that improves
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their perception of pain [31]. In addition, there have been
indications that improvements in fatigue, sleep quality, and
ROM may also be achieved [9].

In this study, we aimed to evaluate the effectiveness of VR as
a therapeutic option for neck pain in patients with FM. We
hypothesized that VR could decrease cervical pain and
kinesiophobiaand increase ROM, facilitating improvementsin
quality of life and adherence to treatment.

Methods

Trial Design

A single-blind, randomized experimental clinical tria was
conducted among women diagnosed with FM recruited through
the Assaciation of Fibromyalgia, “AFINSFACRO,” in Méstoles,
Spain. Following the sel ection of patientswho met theinclusion
criteria and the collection of informed consent forms and
information sheets, according to ethical standards, the patients
were randomly assigned to 1 of the 3 groups. The first group
performed 20 minutes of exercise plus 10 minutes of VR (G1),
the second group performed 30 minutes of exercise (G2), and
the control group (CG) did not perform any exercise or VR
treatment.

Thisstudy wasregistered at Clinical Trials.gov (NCT05933941)
and approved by the Clinical Research Committee of the
Hospital Clinico San Carlos (Madrid, Spain; ID:
VRTCNPPFM-13/07/2023). The research was conducted from
April 1, 2024, to January 30, 2025. All participants gave
informed consent, and the general scope of this study was
explained to them via a participant information sheet. This
clinical trial was designed and reported in accordance with the
CONSORT (Consolidated Standards of Reporting Trials)
guidelines, with specific adherence to the CONSORT-Harms
(Consolidated Standards of Reporting Trials Harms Extension)
2022 statement (Checklist 1) to ensure transparent and
comprehensive reporting of adverse events and safety outcomes.

Participants

The QuestionPro survey software (QuestionPro, Inc) was used
to calculate the required sample size, considering a95% Cl and
a 5% a error. The sample size calculation was based on the
study by Gulsen et al [8]. A total of 56 women were enrolled,
of whom 2 withdrew for personal reasons unrelated to the study.
Theinclusion criteria comprised femal e patients aged 20 to 65
years with a confirmed diagnosis of FM and chronic cervical
pain | asting more than 3 months. The exclusion criteriaincluded
vertigo, claustrophobia, epilepsy, pregnancy, or refusal to
provide informed consent.

Type of Sampling

A consecutive, nonprobabilistic convenience sampling strategy
was applied to participants who met the inclusion criteria.
Variables and Outcomes

Sociodemographic variablesincluded age, height, weight, BMI,
marital status, pain medication use, employment status, smoking
history, and comorbid conditions such asrestlesslegs syndrome,
chronic fatigue syndrome, temporomandibular joint dysfunction,
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migraines, irritable bowel syndrome, multiple chemical
sengitivity, anxiety, and depression. All these sociodemographic
variables were collected using a self-administered survey.

The following tools were used in this study:

1 Pan: we used a visua analog scale (VAS) to assess
self-reported  pain  intensity, ensuring  maximum
reproducibility among different observers[32]. Furthermore,
we used an analog pressure FPK 20 algometer (Wagner
algometer, Force Dial FDK 20; Wagner Instruments) to
evaluate pain among individuals diagnosed with FM. This
instrument allows the assessment of a patient’s central
sensitivity to pain. Measurements focused on tender points
in the occipital and upper trapezius regions bilaterally
[33-35].

2. Subjective intensity of effort was assessed using the Borg
Category-Ratio Scale (CR-10), which quantifies the
subjective intensity of effort experienced during physical
exercise or functional testing. Participants were asked to
rate their exertion immediately after each test or exercise
session on a 0 to 10 scale, where O indicates *“no exertion
at all” and 10 represents “maximal exertion” [36].

3. Neck Disability Index (NDI): the validated Spanish version
of this questionnaire was used to assess pain and
neck-related disability [37].

4. Fear of movement: the Tampa Scale for Kinesiophobia
(TSK) was used to assess the fear of movement [38].

5. Exerciseadherence: we used the Exercise Adherence Rating
Scale, which is a validated questionnaire with 2 sections,
one assessing exercise performance and another evaluating
frequency, motivation, and consistency [39].

6. Impact of FM: the Fibromyalgia Impact Questionnaire
(FIQ) was used to assesstheimpact of FM on health-rel ated
quality of life [40-42].

7. Quality of life: we used EQ-5D (EuroQol 5-Dimensions)
guestionnaire, which is atool that allows the evaluation of
a patient’s overall quality of life in primary care settings
[43-45].

8. Symptoms of central sensitization: we used the validated
Spanish version of the Central Sensitization Inventory
(CSl). This questionnaire assesses symptoms using ascale
of 0 (“never”) to 4 (“always’). Thetotal score ranges from
0to 100. A score above 40 indicates the presence of central
sensitization [46].

9. ROM: cervical flexion, extension, lateral flexion, and

rotation were assessed using a goniometer [47]. This

instrument is used to evaluate one’s degree of joint mobility,
thereby facilitating the determination of an individual’s
restrictions.

Time Up Go test: the test consisted of measuring the time

it took participants to get up from a chair with a height of

46 cm, walking 3 meters, turning around acone, and sitting

down again. This test was performed to assess physical

performance, gait, and dynamic balance [48,49].

10.

Procedure

The intervention was conducted over a period of 1 month. G1
and G2 participated in 2 sessions per week. G1 performed 20
minutes of cervical mobility and strengthening exercises
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(Multimedia Appendix 1), followed by 10 minutes of immersive
VR therapy. G2 completed 30 minutes of cervical mobility and
strengthening exercises. The CG did not perform any cervical
mobility or strengthening exercisesnor participateinimmersive
VR therapy. The immersive VR therapy was delivered using
Meta Quest 2000 headsets, using the game* Interkosmos 2000.”
In the game, participants assumed the role of a spacecraft pilot
navigating through a series of rings while avoiding meteoroids
by performing neck movements according to the game's
instructions. The difficulty level was adjusted as follows: the
first 3 sessions were carried out in “easy” mode, alowing a
maximum cervical mobility of 30°. The subsequent 3 sessions
were conducted in “medium” mode, allowing up to 60° of
cervical mobility. Thefinal 2 sessionswere performed in “hard”
mode, which not only increased the spacecraft’s speed but also
enabled a full cervical range of motion. All groups underwent
assessments of cervical ROM including flexion, extension, right
and |eft lateral inclination, and right and lft rotation. In addition,
pain intensity in the upper trapezius (bilaterally) and in the right
and left occipital regions was quantified using an algometer.
Evaluations were conducted at 4 time points. baseline
(preintervention), immediately after the intervention, 15 days
postintervention, and 1 month postintervention. All follow-up
assessmentswere performed at the association’s premises. After
each session, participants from G1 and G2 reported their
perceived levels of cervical pain and fatigue. All outcome
measures were collected by a research assistant blinded to the
study objectives and group allocations.

Evaluations were conducted at 4 time points. baseline
(preintervention), immediately postintervention, 15 days
postintervention, and 1-month postintervention. All follow-up
assessments were conducted at the association’s headquarters.
After each session, participantsin G1 and G2 reported perceived
levels of cervical pain and fatigue.

All outcome measures were collected by a research assistant
who was blinded to both the study’s objectives and the
participants’ group assignments.

Statistical Analysis

Statistical analyses were performed using SPSS 29.0 (IBM
Corp). The normality of quantitative variables was assessed
with the Kolmogorov-Smirnov test. Depending on distribution,
data were described using means and SDs or medians, IQRs,
and ranges. Qualitative variableswere expressed as percentages
and absolute values. Baseline comparisons between the groups
were conducted using chi-squared tests or ANOVA with
Bonferroni post hoc analysis. Temporal changes in outcomes
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were analyzed with paired tests, and intergroup differenceswere
analyzed using ANOVA, Bonferroni post hoc, or Kruskal-Wallis
tests, as appropriate. Correlations between quantitative variables
were assessed using the Pearson or Spearman tests, and
associations between qualitative variables were assessed using
chi-squared tests. Statistical significance was set at P<.05.

Ethical Consider ations

Thisstudy received approval from theinstitutional review board
of Hospita Clinico San Carlos (23 - 458 EC) and was conducted
in accordance with the Spanish legislation, including Law
41/2002 on patient autonomy and Organic Law 3/2018 on data
protection and digital rights. These laws prohibit the processing
of sensitive persona datasuch asracial or ethnic origin, political
or religious beliefs, biometric identifiers, health information,
and sexual orientation. The study also adhered to the ethical
principles outlined in the World Medical Association’s
Declaration of Helsinki 2014 [50]. All procedures conducted
in this study complied with applicable ethical standards.
Informed consent was obtained from all participants prior to
their incluson in the study. Participant privacy and
confidentiaity were strictly protected, and all datawere handled
and stored in accordance with relevant data protection
regulations. No personally identifiableinformation was collected
or disclosed. Participants did not receive any financial or
material compensation for their participation.

Results

Participant and Baseline Characteristics

Thefinal sampleincluded 54 women with a mean age of 54.26
(SD 7.7) years. Participants were distributed among the groups
by computer-generated random number sequence (Figure 1).

Among the participants, 33 (61%) presented chronic fatigue
syndrome, 37 (68%) had temporomandibular joint dysfunction,
and 16 (33%) reported restless legs syndrome. Regarding the
psychological comorbidities, 33 (61%) participants presented
anxiety and 13 (24%) depression. Baseline comparisonsreveaed
no statistically significant differences among groups in age,
BMI, or other demographic variables. However, subjective
measures showed group-level differences in several baseline
scales, including FIQ, EQ-5D, CSl, NDI, and Borg scale. Almost
all variables at baseline start from similar values, although G1
has a value of 1 point lower on the VAS scale, indicating that
they have less pain at the outset. However, in variables such as
algometry, the averages reflect similar values compared to the
other 2 groups (Multimedia Appendix 2).
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Figurel. CONSORT (Consolidated Standards of Reporting Trials) flow diagram. CG: control group.
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Postinter vention Outcomes

Table 1 shows the differences in the mean values measured
before therapy and immediately after its end. We found
significant differencesin all groups that received intervention
in FIQ, CSl, NDI, right and left trapezius, occipital algometer,
and in al movements in which ROM was evaluated. For the
right and left trapezius and occipital muscles, algometric
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measurements were obtained, and ROM was assessed across
all evaluated movements. About the treatment adherence
variable, G1 obtained an average of 94 points out of 100,
compared to G2, whose post-treatment average was 74.72. The
summary of the comparison between baseline measures and
measures immediately after intervention  (intragroup
comparisons). Shown are the differences in the mean values
between both time points (Multimedia Appendix 3).
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Table. Intragroup (G1, G2, and CG?) analysis of variables measured using questionnaires between baseline and immediately after intervention.

Value and intervention group Differences of mean values (95% P value
cl)
FIQP (1-100)
Whole series 54(3.2t07.5) <.001
Gl 9(4.61013.3) <.001
G2 8.1(5.5t010.6) <.001
cG 0.36 (-3.2t0 2.51) .80

EQ-5D° (-0.59 to 1)

Whole series 4.1(2.6t05.6) <.001
Gl 3.1(0.6t05.6) 01
G2 7.7 (5.6109.8) <.001
CG -17(-44t01) .20
Tsk9 (17-37)
Whole series 3.2(0.8t05.6) .01
Gl 1.2(-5.2107.6) 70
G2 6.2 (4.7109.8) <.001
cG -2.04 (-5.9t0 1.86) 30
CSI® (0-100)
Whole series 4.2 (24106) <.001
Gl 6 (3.5t0 8.5) <.001
G2 7.2(4.7109.8) <.001
cG 0.32(-3.51t02.9) .80
NDI' (0-50)
Whole series 45(3.1t05.9) <.001
G1 5.35(3.210 7.5) <.001
G2 74(5.1109.7) <.001
cG -0.95 (-2.9to 1.05) 33

8CG: control group.

bF| Q: Fibromyalgia Impact Questionnaire.
®EQ-5D: EuroQol 5-Dimensions.

drsk: Tampa Scale for Kinesiophobia.
€CSI: Central Sensitization Inventory.
NDI: Neck Disability Index Questionnaire.

(intragroup comparisons). Shown arethe differencesin the mean
Follow-Up at 1 Month values between both time points (Table 2). The differencesin

Summary of the comparison between baseline and 1-month  the measurement times of the other variables can be observed
post-intervention scores for FIQ, EQ-5D, TSK, CSI, and NDI  jn Multimedia Appendix 4.
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Table. Intragroup (G1, G2, and CG®) analysis of variables measured using questionnaires between baseline and 1 month after intervention.

Value and intervention group Differences of mean values (95% P value
cl)
FIQP
Whole series 4.4 (251t076.3) <.001
Gl 10.71 (6.6 to 14.8) <.001
G2 2.71(0.55t04.87) .02
CG 0.33(—2.081t0 1.42) .70
EQ-5D°
Whole series 4.7(2.6105.7) <.001
Gl 7.7 (5.46 0 9.97) <.001
G2 4.17 (1.7 t0 6.63) 002
CG 1.07 (-3.87t01.73) 43
Tk
Whole series 33(14t05.1) .001
Gl 8.41 (5.25t0 11.58) <.001
G2 2.1(0.06 to 4.13) 04
cG 0.2 (-2.87103.28) .89
csI®
Whole series 3.9(2.18t05.8) <.001
Gl 9.78 (7.35t0 12.22) <.001
G2 2.94 (1.25 0 4.64) .02
cG 0.26 (-2.76 10 3.3) 85
NDIf
Whole series 4,03 (2.51t06.31) <.001
Gl 10.65 (8.35t0 12.94) <.001
G2 4.22 (2.3910 6.06) <.001
CG 2.05(-0.33t04.43) .08

8CG: control group.

bFy Q: Fibromyalgia Impact Questionnaire.
®EQ-5D: EuroQol 5-Dimensions.

drsk: Tampa Scale for Kinesiophobia.
€CSI: Central Sensitization Inventory.
NDI: Neck Disability Index Questionnaire.

After confirming the effect of both interventions, we compared
the intervention groups to see whether VR had a significant
influence on the effect of the therapy. Table 3 shows that the
ANOVA between groupswas significant for FIQ, CSl, and NDI
at both postintervention and 1-month follow-up (P<.001).
Immediately after treatment, both intervention groups (G1 and
G2) improved significantly compared with the CG, with no
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differences between G1 and G2. At 1 month, G1 maintained
superior outcomes across all measures, showing significantly
better scoresthan both GC and G2 (P<.001), while G2 no longer
differed from GC for FIQ and CSI. For NDI, al pairwise
comparisons were significant (P<.001), confirming that both
interventions reduce neck disability, with the VR-enhanced
program providing the greatest and most sustained benefit.
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Table. Summary of the comparison between the groups for the change in FIQ?, CSIb, and NDI®, both immediately after intervention and 1 month

after.
Variable and intervention group P value for ANOVA Mean difference between P value
time points (95% CI)
FIQ
Immediate <.001
cclvscl 9.31(14.7103.8) <.001
CGvsG2 8.4 (13.84 t0 3.06) .001
G2vsGl 0.85 (6.39 to —4.68) >.99
1 month <.001
CGvsG1 10.38 (5.8 to 14.9) <.001
CGvsG2 2.38(-2.12t06.9) .59
G2vsG1 7.99 (3.35 0 12.63) <.001
Csl
Immediate <.001
CGvsGl 6.31 (10.96 to 1.66) .04
CGVsG2 7.53 (12.12t0 2.95) <.001
G2vsGl -1.22 (3.4t0-5.93) 51
1 month <.001
CGvsGl 10.04 (14.16 t0 5.93) <.001
CGvsG2 3.20 (7.26 t0 —0.84) 16
G2vsGl 6.84 (11.01to 2.67) .001
NDI
Immediate <.001
CGvsG1 4.40 (7.95 10 0.85) 01
CGvsG2 6.44 (9.93t0 2.94) <.001
G2vsGl —2.03 (1.55 to -5.62) 50
1 month <.001
CGvsGl 12.69 (16.33 t0 9.06) <.001
CGvsG2 6.27 (9.85t0 2.69) <.001
G2vsGl 6.42 (10.10 to 2.74) <.001

81 Q: Fibromyalgia Impact Questionnaire.
bCSI: Central Sensitization | nventory.
°NDI: Neck Disability Index Questionnaire.
dcG: control group.

Discussion

Principal Findings

This study evaluated the effectiveness of VR as an adjunctive
therapy for cervical paininwomenwith FM. The main findings
revealed that combining VR with mobility and strengthening
exercises produced significant improvementsin pain perception,
ROM, and functional performance compared with physical
therapy alone. These benefits were also sustained at 1-month
follow-up, emphasizing the potential of immersive VR
interventions to enhance therapeutic outcomes in individuals
with FM.
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RenderX

In the intergroup analysis, the G1 consistently outperformed
both G2 and CG in those outcomes most closely rel ated to global
disease impact and NDI. Specifically, G1 showed significantly
greater and more sustained improvementsin FIQ and CSI scores
than both CG and G2, whereas improvements in G2 tended to
convergetoward control valuesat 1-month follow-up. Similarly,
NDI scores decreased in both intervention groups immediately
after treatment, but at follow-up, a clear gradient GC>G2>G1
was observed, indicating the largest and most persistent
reduction in neck-related disability in the combined intervention.
These effects were paralleled by arecurrent pattern of superior
gainsin cervical ROM and higher-pressure pain thresholds in
the trapezius and occipital in G1, while the Time Up Go test
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improved in both intervention groups compared with CG and
TSK decreased more markedly in G1 at 1 month. By contrast,
the VAS and Borg scale showed only limited discrimination
between the groups, suggesting that the added value of VR was
more evident in  multidimensional impact and
sensitization-related and functional domains than in isolated
pain ratings.

This intergroup pattern is consistent with previous evidence in
FM and chronic neck pain, indicating that VR, particularly when
used as an adjunct to active exercise, preferentially enhances
global impact, disability, and pain-modulation outcomes. In
patients with FM, a study reported that fully immersive VR
combined with aerobic and pilates training produced greater
improvementsin pain, kinesiophobia, fatigue, physical activity
levels, and mental quality of lifethan exercise a one, whileboth
groups improved in FM impact, supporting an adjunctive role
of immersive VR in comprehensive rehabilitation programs|[8].
Other studies showed that, in individuals with chronic neck
pain, VR-based cervical training led to larger gainsin pressure
pain thresholds at the upper cervical levels and greater
reductionsin functional limitation compared with motor control
exercises, despite the absence of between-group differencesin
painintensity and quality of life, which parallels our finding of
more robust intergroup differencesin pressure pain thresholds,
ROM, and disability than in VAS score [51]. Furthermore, a
randomized crossover trial in women with FM found that VR
increased cold pain thresholds and tolerance in both FM patients
and pain-free controls, whereas effects on pain intensity were
limited, reinforcing the notion that VR may primarily modulate
pain processing rather than consistently decreasing reported
pain intensity [52]. Taken together, these converging results
suggest that combining immersive VR with targeted cervical
exercise may primarily potentiate mechanismsrelated to central
sensitization, motor control, and the global impact of FM rather
than merely amplifying short-term analgesic effects.

VR has emerged as a promising nonpharmacological
intervention for the symptom management of FM. Itsimmersive
and interactive features provide cognitive distraction, emotional
engagement, and motor stimulation, which together enhance
adherence and reduce pain intensity. Previous studies have
demonstrated that VR can improve mood, motivation, and
functional capacity when applied aongside traditiona
rehabilitation or psychological therapies. This approach not
only benefits patients with FM but may also be applicable to
other chronic pain conditions [49,50,53].

Theuse of VR has been demonstrated to significantly influence
pain relief, motor function, and joint mobility among patients
with a range of chronic pathologies [53]. The primary
applications of VR in health care include the management of
pain and anxiety as well as the enhancement of patient
motivation [47,54,55].

While it is not possible to make direct comparisons between
this study and research conducted by other authors, the described
implementation of an 8-session intervention resulted in
statistically significant outcomes for the variables under
investigation. This suggests VR is effective when combined
with active exercise therapy.
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The comparative analysis concerning VR and physical exercise
indicated that there was minimal divergence in the measured
variables. In a separate study [56], 44 patients underwent an
intervention for 4 weeks, with 2 sessions per week. The
intervention was divided into 2 groups: G1 (whose members
performed only cervical mobility exercises) and G2 (whose
members conducted atreatment based solely on VR exercises).
Thefindingsindicated that there were no statistically significant
differences between the 2 groups across the different variables,
including pain, ROM, neck disability, incapacitating pain, and
anxiety. However, in this study, the combination of VR with
cervical mobility exercises yielded a significantly better
outcome. Furthermore, these improvements were maintained
over time (1 month) to a greater degree in the group subjected
to both therapies combined when compared to the group that
performed only mobility exercises. It isimportant to highlight
that the study with which this investigation was compared
implemented its intervention in a population without FM.
Consequently, the observed discrepancy in outcomes could be
due to thisfactor. A similar study was conducted [51], with an
equivalent number of sessions implemented. The outcomes
observed in this research were analogous to those obtained in
our research, as the investigators combined active therapy and
VR exercisesfor patientswith FM [55]. However, the FM cohort
inthat report comprised only 20 patients. In addition, the active
component focused on aerobic training and Pilates instead of
the cervical exercises used in our research.

Another study assessed the efficacy of VR for patients with
chronic neck pain versus a CG that performed motor control
exercises. In this case, the study spanned a period of 6 weeks,
comprising 3 weekly sessions. Their findings revealed that the
utilization of VR was advantageous when measuring pain due
to pressure with an algometer at C1-C2 and C5-C6, and it was
also beneficid when considering functional limitations.
However, no significant differences were observed between the
groups with respect to pain intensity, muscle performance, or
quality of life (36-Item Short Form Health Survey). It isevident
that the results of this study deviate from those previously
observed. However, it should be noted that the mentioned study
did not include the popul ation with FM, and no group underwent
combined VR and active therapy [51].

Following a thorough review of the scientific literature, we
found no studies addressing the use of VR inthecervical region
using this protocol. Other studies have applied VR in FM use,
games, and global exercises, focusing on observing aspectssuch
asanaerobic capacity, balance, or fatigue[7,54,55]. In thisstudy,
the focus was pain in the cervical region and other more global
variables such as fatigue, VAS, and FIQ. Therefore, our study
offersanovel contribution to thisfield of research by addressing
this gap in the existing literature. Given that patients with FM
experience cervical pain, headaches, and tender points in the
occipital regions, it is imperative to reduce the associated
symptoms.

The limitations of this study lie in the fact that the results are
not representative of a heterogeneous population with FM, since
the cohort of participants in this research consisted solely of
women. Dueto the challenging nature of the disease, it was not
possible to consider medication used by participants, which
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may have influenced the results. Finally, the study did not
include agroup that used only VR, so we cannot conclude that
the results are attributable to the VR component or its
combination with exercise.

This approach not only benefits patients with FM but may also
be applicable to other chronic pain conditions [49,50,53].

Conclusions

Virtual redlity, when added to cervica mobility and
strengthening exercises, produced greater and more sustained
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improvements in disease impact, neck disability, central
sengitization, kinesiophaobia, and functional outcomesinwomen
with FM than exercise aone or no intervention. The
improvements were maintained for 1 month in the G1 group in
the variables evaluated. These findings support VR as an
effective adjunct to active therapy, with potential benefits for
symptom reduction and warrant further research on long-term
effects, cost-effectiveness, and applicability to broader chronic
pain populations.
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Abstract

Background: Plantar fasciitis causes heel pain and functional limitations; conservative treatment typically includes plantar
fascia and calf stretching. High-intensity laser therapy (HILT) offers deeper photobiomodulation and potential tissue-healing
benefits, but robust evidence of added clinical benefit remains limited.

Objective: This study aims to evaluate the efficacy of HILT combined with plantar fascia stretching exercises compared with
asham control for the treatment of plantar fasciitis.

Methods: This study was designed as a randomized, double-blind, sham-controlled trial conducted at the outpatient clinic of a
university hospital. Participants were randomly alocated into 2 groups: the HILT group and the sham treatment group. Both
groups received 9 treatment sessions over 3 weeks. The HILT group received active laser therapy, while the sham group received
identical treatment without laser emission. The HILT used a wavelength of 1064 nm in continuous mode, with a power output
of 12 W applied for 250 seconds, delivering an energy density of 120 Jcm? applied to a 25-cn? area for atotal energy of 3000
J. In addition to the assigned interventions, all participants performed a standardized self-stretching exercise program targeting
the plantar fascia and Achilles tendon throughout the study period. The primary outcome was pain intensity measured using a
visua analog scale. Secondary outcomes included ultrasonographic measurement of plantar fascia thickness (PFT) and the
subjective foot and ankle ability measure (FAAM) score, recorded before and immediately after the intervention.

Results: A total of 34 patients diagnosed with unilateral plantar fasciitis were enrolled in this study. Based on intragroup
comparison, both groups demonstrated statistically significant improvementsin all outcomes compared with baseline (P<.001).
However, no significant differences were found between the 2 groups across all outcomes. The mean differencein pain reduction,
measured by the visual analog scale, was —35.3 (95% Cl —45.3 to —25.0) mm in the HILT group and —30.4 (95% Cl —46.3 to
—14.4) mm in the sham group (5.0 mm, 95% CI —14.3 to 4.3; P=.59). Similarly, reductionsin PFT and improvementsin FAAM
scores showed no significant differences between groups (mean difference —0.02 mm, 95% Cl —0.2 to 0.1; P=.90 and 5.6 paints,
95% Cl —1.1 to 12.4; P=.40, respectively).

Conclusions: There was no additional clinical effectiveness of HILT on pain reduction, decreased PFT, or increased FAAM
scores compared with sham laser when combined with standard stretching exercises for plantar fasciitis and the Achilles tendon.

Trial Registration: Thai Clinical Trials Registry TCTR20200724001; https://wwuw.thaiclinicaltria s.org/show/TCTR20200724001

(JMIR Rehabil Assist Technol 2026;13:€77419) doi:10.2196/77419

KEYWORDS
plantar fasciitis; high-intensity laser therapy; lasers; pain measurement; ultrasonography; fascia; foot; ankle

taping, orthoses, and exercise programs; among these, stretching

Introduction

Plantar fasciitis is a common and often disabling condition
characterized by pain at the plantar aspect of the heel, which
can substantially limit daily activities [1]. Risk factors include
increasing age, elevated body mass index, prolonged standing,
and foot posture abnormalitiesthat increase stress on the plantar
fascia [2]. First-line management is conservative and
heterogeneous, encompassing manual therapy, night splints,

https://rehab.jmir.org/2026/1/€77419

of the plantar fascia and associated calf musculature is widely
recommended and frequently used in clinical practice[3].

For this study, passive stretching was chosen asthe standardized
backbone intervention. Mechanistically, stretching directly
targets gastrocnemius—sol eustightness and plantar fasciastrain,
two important contributors to symptom persistence, and has
been shown in clinical studies to reduce pain and improve
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function in the short to medium term [4]. Practically, passive
stretching is easily standardized, low cost, self-administered,
well tolerated, and associated with good patient adherence
compared with more resource-intensive or operator-dependent
modalities (eg, manua therapy or supervised exercise programs).
Using a single, well-established conservative treatment as the
common  background  therapy  therefore  reduces
between-participant variability and more clearly isolates any
incremental effect of the adjunctive intervention under study.

Adjunctive physical modalities—including extracorporeal
shockwave therapy, ultrasound, and low-intensity laser
therapy—are commonly used to enhance recovery [5]. Laser
therapy delivers photons that may stimulate cellular processes
involved in tissue repair, including increased adenosine
triphosphate production, enhanced collagen synthesis, and
improved microcirculation [6-8]. Systematic reviews indicate
that low-intensity laser therapy can reduce pain in plantar
fasciitis[5,9-12]. Intheory, high-intensity laser therapy (HILT)
has greater tissue penetration and may produce stronger collagen
stimulation, greater blood flow effects, and more pronounced
anti-inflammatory responsesthan low-intensity devices[13,14].
However, studies comparing HILT with low-intensity laser or
sham treatment have reported conflicting results [15,16], and
recent meta-analyses have not comprehensively evaluated HILT
for plantar fasciitis.

Prior HILT studies have often been limited by methodological
weaknesses, inconsistent control treatments, and a scarcity of
objective outcomes such as ultrasound-measured plantar fascia
thickness (PFT) or functionally relevant measures. To address
these gaps, this randomized, sham-controlled trial evaluated the
efficacy of HILT added to a standardized passive stretching
program compared with sham laser plus the same conservative
regimen. We hypothesized that adjunctive HILT would produce
greater improvements in pain, functional capacity, and PFT
compared with conservative care using sham laser.

Methods

Study Design

This study was a prospective, randomized, double-blinded
(participant and assessor), sham-controlled trial conducted in
an outpatient rehabilitation setting at Srinagarind Hospital, Khon
Kaen University.

Ethical Considerations

The study protocol was approved by the Khon Kaen University
Ethics Committee (HE621318). Written informed consent was
obtained from all participants prior to enrollment. Participant
privacy and confidentiality were strictly maintained. All data
weredeidentified prior to analysis, and personal identifierswere
removed. The dataset was stored securely and was accessible
only to authorized members of the research team. Participants
received compensation of 900 for their participation. Based on
an exchangerate of US$1to 31, thisisapproximately US $29
per participant. Compensation was provided regardless of study
completion.

The study adhered to the CONSORT (Consolidated Standards
of Reporting Trials) guidelines.

https://rehab.jmir.org/2026/1/€77419
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Participants

A total of 36 participants diagnosed with unilateral plantar
fasciitis were recruited between January 2020 and September
2020.

Inclusion Criteria

Participants were eligible for inclusion if they met all of the
following criteria:

« Adults aged 18 years or older

«  Foot pain persisting for aminimum of 6 weeks

- Diagnosis of plantar fasciitis confirmed by arehabilitation
medicine physician based on clinical history, characterized
by pain primarily felt during the first steps after waking,
which worsens with prolonged weight-bearing activities
throughout the day [17]

«  Tendernessat the medial calcaneal tubercle upon palpation

[17]
Exclusion Criteria

Participants were excluded from the study if they met any of
the following criteria:

« History of foot surgery

«  Chronic inflammatory arthritis (eg, rheumatoid arthritis,
gout, systemic lupus erythematosus)

« Conditions affecting sensory perception (eg, diabetes
mellitus with peripheral neuropathy)

« History of corticosteroid injection to the plantar fascia
within the preceding 6 months

« Neuropathic pain in the foot, or evidence of intrinsic foot
muscle weakness

«  Pregnancy

Baseline Assessment

At baseline, the following data were collected: age, gender,
body mass index, side with the most severe pain, and Foot
Posture Index (FPI-6) score.

Randomization and Blinding

Participants were randomly assigned to either the HILT group
or the sham laser (control) group using a permuted block
randomization method with ablock size of 4. The randomization
sequence was computer generated and concealed within
sequentially numbered, opague, sealed envelopes. Envelopes
were opened by the treating therapist immediately prior to the
first treatment session. Participants were blinded to their
treatment allocation. The assessor performing outcome
measurements was al so blinded to treatment allocation.

I ntervention

Overview

All participants received 9 treatment sessions administered
every 3days. Both groupsreceived astandardized home exercise
program consisting of plantar fascia and Achilles tendon
stretching exercises. Participants were instructed to perform the
following stretch while seated or supine: with a towel or strap
around the forefoot, the knee was extended and the forefoot
pulled toward the body, maintaining dorsiflexion for 30 seconds.
The exercise was performed for 10 repetitions per session, once
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daily. Adherence to the home exercise program was monitored
using patient logs.

HILT Group

HILT was administered by a trained medical doctor using the
BTL-6000 high-intensity laser device (BTL Industries) operating
at awavelength of 1064 nm. The treatment parameters were as
follows: continuous mode, power output of 12 W applied for
250 seconds, energy density of 120 Jcm? delivered over a
25-cm? areaq, resulting in atotal energy of 3000 J[15,16]. The
participant was positioned prone with the foot in a neutral
position. The laser was applied using a 10-mm pen applicator
and swept over the calcanea insertion and along the medial
border of the plantar fascia.

Sham Laser Group

The sham treatment mimicked the HILT procedure, including
the visual and auditory cues of the laser device, but without
actual laser energy delivery. The same treatment protocol as
the HILT group wasfollowed interms of positioning, applicator
movement, and device sounds.

Medication and High Plantar Fascial Loading Activity

Participants were instructed to maintain their usual pain
medication regimen, which was limited to 500 mg of
paracetamol, and not to exceed 3000 mg per day. They were
also advised to dtrictly refrain from strenuous exercises that
involve high plantar fascial loading. Crucialy, the use of
anti-inflammatory drugswas strictly prohibited during the study
per the protocol. The number of pain medication pillstaken was
recorded throughout the study period.

Outcome M easures

Outcomes were assessed at baseline and immediately
postintervention by a blinded assessor. Pain intensity was
measured using a 100-mm visual anadlog scale (VAS).
Participants were asked to recall the pain experienced during
the first 3 steps taken in the morning. Scores were assessed
immediately preintervention and again viatelephone 1 day after
the final session to capture pain during participants’ first steps
in the morning following the treatment period.

PFT was measured by ultrasound using a LOGIQ E Premium
system (GE Healthcare) with a 5 MHz linear probe at the
calcaneal insertion. Participants were positioned prone with feet
in aneutral position, and the feet were placed at the end of the
examination bed. The ultrasound probe was placed perpendicular
to the plantar fascia on the plantar surface, and the thickness of
the thickest portion was measured [18]. The reported value is
the mean of 3 measurements.

Foot and ankle function was assessed using the activities of
daily living subscale of the Thai version of the foot and ankle
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ability measure (FAAM). The FAAM subjectiveform evaluates
foot and ankle function for daily activities and sports; however,
only the activities of daily living subscale was used in this study.
The reliability of the FAAM was examined by Arunakul et a
[19], who reported strong internal consistency.

Data Analysis

All analyses were conducted using Python (version 3.10),
executed in Google Colaboratory. Continuous variables are
presented as mean (SD) or as median (IQR) for nonnormally
distributed data, while categorical variables are presented as
frequency (percentage). Normality of continuous data was
assessed using the Shapiro-Wilk test.

The primary analysis followed the intention-to-treat (ITT)
principle. Missing outcome data (5%) were addressed using
multiple imputation by chained equations with 20 imputations.
The imputation model included baseline outcome values,
treatment group, and relevant covariates. Each imputed dataset
was analyzed separately, and the results were pooled using
Rubin’srules.

Between-group comparisons of continuous posttreatment
outcomes (primary and secondary) were conducted using
independent t tests when distributional assumptions were met.
For nonnormally distributed outcomes, between-group
comparisons used the Mann-Whitney U test on observed data,
with additional sensitivity analyses performed on the imputed
datasets. Within-group changes were evaluated using paired t
tests or the Wilcoxon signed rank test, as appropriate.

A per-protocol analysis including participants who completed
at least 7 treatment sessions was conducted as a sensitivity
analysis. Effect sizes (Cohen d) and 95% Clswere reported for
parametric comparisons. All statistical tests were 2-tailed, and
a P value <.05 was considered statistically significant.

Sample Size Calculation

Based on prior studies[15], asample size of 16 participants per
group was required to detect a mean difference of 15 (SD 15)
mm on the VAS, with 80% power and a 2-sided a of .05. To
allow for an anticipated 10% dropout rate, 36 participants (18
per group) were recruited.

Withdrawal and Discontinuation Criteria

Participants could withdraw from the study at any time without
affecting their care. Discontinuation criteriaincluded withdrawal
of consent or adverse effects (eg, burns, eye irritation).

Results

A total of 36 participants were enrolled, with 34 participants
completing the study. Two participants withdrew due to severe
pain and opted for alternative treatments (Figure 1).
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Figure 1. CONSORT (Consolidated Standards of Reporting Trials) diagram outlining the identification, enroliment, and allocation of participants to

the 2 groups: high-intensity laser therapy group and sham group.

[ Enrollment

Assessed for eligibility (n=36)

Excluded (n=0)

+ Not meeting inclusion criteria (n=0)
+ Declined to participate (n=0)

+ Other reasons (n=0)

Randomized (n=36)

l

‘L Allocation } 4
Allocated to high-intensity laser therapy (n=18) Allocated to sham therapy (n=18)
+ Received allocated intervention (n=18) + Received allocated intervention (n=16)
+ Did not receive allocated intervention (n=0) + Did not receive allocated intervention due

to severe pain (n=2)
Follow-up 1 |

\ J
Lost to follow-up (n=0) Lost to follow-up (n=0)
Discontinued intervention (n=0) Discontinued intervention (n=0)

[ Analysis J

Analyzed for primary outcome (n=18)
+ Excluded from analysis (n=0)

The HILT group included 18 participants (n=2 men, n=16
women; mean age 46, SD 11.4 years), while the sham laser
group included 16 participants (n=1 man, n=15 women; mean
age 49, SD 13.0 years). The mean body mass index was 23.3
(SD 2.9) kg/m? in the HILT group and 26.0 (SD 2.8) kg/m2in
the sham laser group (P=.20). The FPI-6 mean scoreswere—0.4

https://rehab.jmir.org/2026/1/€77419
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Analyzed for primary outcome (n=16)
+ Excluded from analysis (n=0)

(SD 1.1) inthe HILT group and—0.6 (SD 1.1) inthe sham group,
indicating a slightly supinated foot posture [20]. Moreover, no
patients in our study had markedly supinated or pronated feet.
Therewas no significant difference in the duration of foot pain,
withamean of 14.7 (SD 4.2) weeksinthe HILT group and 14.8
(SD 4.4) weeksin the sham group (Table 1).
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Table. Demographic characteristics of the 2 study groups.

Jitpimolmard et al

Characteristics High-intensity laser therapy group ~ Sham group (n=16) P value
(n=18)
Age (y), mean (SD) 46 (11.4) 49 (13.0) 52
Gender, n (%) .61
Male 2(111) 1(6.3)
Female 16 (88.9) 15(93.7)
FPI-62 (points), mean (SD) -04(11) -06(1L1) 51
BMI (kg/m?), mean (SD) 23.3(29) 26.0 (2.8) 21
Duration of foot pain (wk), mean  14.7 (4.2) 14.8 (4.4) >.99

(SD)

3FPI-6: Foot Posture Index.

ThelTT analysis (n=36; pooled across 20 imputations) showed
the following posttreatment results. For pain (VAS), the mean
posttreatment score was 23.0 (SD 17.5) mmin the HILT group
versus 26.8 (SD 20.7) mm in the sham group. The
between-group mean difference (laser and sham groups) in
posttreatment VAS was—5.0 mm (95% Cl —14.3t0 4.3; P=.59).
Cohen d for the between-group difference at posttreatment
(pooled SD) was small (d=—0.20).

Mean PFT decreased from 4.8 (SD 1.4) mmto 4.1 (SD 1.2) mm
(mean change —0.7 mm, 95% CI —1.0 to -0.5; P<.001) in the
HILT group. For PFT, the median decreased from 5.3 (IQR
45 - 54) mmto 4.5 (IQR 3.7 - 4.7) mm (median change 0.7
mm, 95% CI —1.0 to -0.5; P<.001) in the sham group. The
between-group difference in change was —0.02 mm (95% ClI

—0.2 to 0.1; P=.90). Because values in the sham group were
nonnormally distributed, a nonparametric test (Mann-Whitney
U test) was used for between-group comparisons of this
outcome, and Cohen d was not reported for this comparison.

For FAAM, the mean posttreatment scoreswere 82.3 (SD 12.8)
in the HILT group and 82.8 (SD 17.7) in the sham group.
Within-group improvements were significant in both groups.
The mean change was 18.7 (95% CI 10.4 to 27.1; P<.001) in
the HILT group and 14.5 (95% CI 3.2 to 25.8; P=.02) in the
sham group. The between-group mean differencein change was
56 (95% Cl -1.1 to 12.4; P=.40). Cohen d for the
between-group posttreatment comparison was very small
(0=0.03; Table 2).

Table. Comparison of pain intensity measured by the 100-mm VAS, plantar fascial thickness, and FAAM score.

Outcomes  High-intensity laser therapy group (n=18)

Sham group (n=16)

High-intensity laser thera-

Py
versus sham
Before, After, Mean dif- P vaue Before, After, Mean dif- P vaue Between- P vaue
mean (SD) mean (SD) ference mean (SD) mean (SD) ference group
(95% Cl) (95% Cl) meen differ-
ence (95%
¢))
VASR 58.3(19.1) 23.0(17.5) _gg3b <.001 57.1(222) 26.8(20.7) _gg4P .001 -5.0(-143 59
(mm) (45310 (-46.3t0 to 4.3)°
-25.0) -14.4)
Plantar fas- 48(14)  41(12) _g7d(q0 <001 53(45t0 45@37to _g7°(1 <001 -0.02(-02 .90
ciathick- t0-0.5) 5.4) 4.7y t0-0.5) t0 0.1)°
ness (mm)
FAAMT  636(136) 823(128) 1g7P(104 <001 683(238) 828(17.7) 145P(32 02 562(-1.1 .40
(point) t027.1) t0 25.8) to 12.4)°
/AS: visual analog scale.
BPaired t test was used.
CIndependent t test was used.
dMedian (IQR).

®Wilcoxon signed rank test was used.
fEAAM: foot and ankle ability measure.

The per-protocol analysis (n=34 completers) produced results
consistent with the ITT analysis; between-group differencesin
change scoresremained small and nonsignificant for VAS, PFT,
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and FAAM, supporting the robustness of the findings. Among
participants with plantar fasciitiswho had a history of strenuous
weight-bearing exercise, 1 participant (a runner) in the HILT
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group was advised to refrain from such activity during the
treatment period. Furthermore, 2 participants (1 from each
group) reported taking paracetamol at a dosage of 2000 mg per
day for 2 days. No adverse events (eg, increased pain, skin
burns) were reported in the HILT group. Two participants in
the sham group withdrew owing to pain intolerance. Adherence
to the exercise protocol did not differ significantly between
groups: there were a mean 15.1 (SD 3.8) sessionsin the HILT
group versus 17.5 (SD 3.7) in the sham group (P=.06).

Discussion

This randomized controlled trial assessed the effectiveness of
HILT combined with conventional therapy (stretching exercises)
compared with sham laser plus conventional therapy in patients
with plantar fasciitis. A key strength of our methodol ogy, which
distinguishes it from many prior trials, was the inclusion of
objective structural outcomes (ultrasound) and validated
quality-of-life assessment (FAAM), coupled with a rigorous
sham control. Both treatment arms showed significant
improvementsin pain scores, areduction in PFT, and anincrease
in foot and ankle function following treatment. However, HILT
did not demonstrate superiority over the sham intervention.

This primary finding—that HILT offered no clear added
benefit—aligns with several previous investigations. For
instance, Tkocz et a [21], studying chronic heel pain (including
plantar fasciitis and calcaneal spurs) using a HILT device at a
lower power (7 W) and high total energy, similarly found no
clear advantage of HILT over sham combined with ultrasound.
Furthermore, Naruseviciute and Kubilius [16] also reported no
superiority of HILT versuslow-intensity laser therapy regarding
either pain or fascia thickness. Conversely, Akkurt et al [22]
observed improved outcomes when HILT was combined with
insoles; however, the absence of a true sham laser control in
that study makes it impossible to definitively exclude a
significant placebo contribution.

The reasons for this consistent lack of incremental benefit are
likely multifactorial. High-intensity laser protocolsvary widely
across trials concerning power, energy per session, mode,
number of sessions, and application technique [15,16,21,22].
This substantial heterogeneity may partly explain discrepant
resultsin the literature, as these parameters dictate whether the
tissue effects are primarily photobiomodulatory or thermal.
Nevertheless, the majority of trials to date do not show a
consistent, clinically meaningful incremental effect of HILT
over standard conservative care. Future research must prioritize
robust dose-finding studies, provide complete dosimetry and
application details, and include mechanistic measures to
determine whether any specific parameter set reliably improves
outcomesin plantar fasciitis before routine adoption.

Beyond methodological variations, anatomical considerations
may temper the potential benefit of HILT. The plantar fascia
lies only afew millimeters below the skin, varying by location
and individual subcutaneousthickness. Consequently, the deeper
penetration advantage often ascribed to HILT may be less
relevant for plantar fasciitis compared with deeper targets (eg,
knee osteoarthritis), where reaching intra-articular structuresis
more pertinent [23]. This superficial anatomical location of the
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target may inherently limit the potential incremental benefit of
HILT in this disease.

Given that all 3 primary outcomes improved significantly in
both study arms, it strongly suggests that the standardized
stretching program was the major driver of clinical benefit.
Plantar fasciaand calf stretching target the gastrocnemius—soleus
complex and the fascia because tightnessincreasestensile strain
on the arch [4]. Mechanistically, regular stretching likely
contributed to the reduction in pain and functional gains by
increasing ankle dorsiflexion, lowering passive tension
transmitted to the fascia insertion, and improving tissue
viscoelasticity.

The consistent improvements observed in our objective and
patient-centric measures validate the effectiveness of this
conservative approach. The reduction in PFT, quantified
objectively viaultrasound, confirmsthat the therapy successfully
induced a positive structural change in the affected tissue,
moving beyond mere symptomatic relief. PFT isconsidered the
anatomical hallmark of chronic plantar fasciitis (reflecting
chronic microtearing and disorganized collagen repair) [18].
Similarly, the significant increasein scoreson the FAAM further
substantiates the clinical relevance of the treatment. Since the
FAAM isavalidated patient-reported outcome measure focusing
specifically on function and participation in daily living and
sports activities [19], the documented improvements indicate
that the structural and pain changes successfully trandlated
directly into better functional capacity for participants.

An alternative explanation for the null between-group difference
liesin statistics. The study was powered to detect a15-mm VAS
difference, yet the observed between-group difference was
statistically small (only —5.0 mm). This small effect size
combined with substantial variability reduced the power to find
astatistically significant difference. Additionally, because many
participants improved substantially with stretching (and some
used short courses of acetaminophen), a ceiling effect is
possible, leaving little room for additional measurable
improvement attributable solely to HILT. Reporting responder
rates, change-score distributions, and conducting larger trials
or trials enrolling participants with higher baseline pain would
help determine whether a clinically meaningful subgroup benefit
exists.

Most participantsin our sample had near-normal alignment with
dlight supination, and baseline alignment was balanced between
the 2 groups, so imbalancein foot postureisunlikely to account
for the null between-group findings. Nonetheless, because
plantar fascialoading differs acrossfoot types and many patients
with plantar fasciopathy present with pes planus or
overpronation [2], the sample's aignment profile may limit
external validity. Future trials should objectively quantify foot
posture (eg, FPI-6, navicular drop, calcaneal eversion, or
dynamic pressure measures), consider stratified randomization
or prespecified subgroup analyses by alignment, and, where
appropriate, tailor background conservative care to alignment
to test whether foot posture modifies the effect of adjunctive
treatments such as HILT.

Intermsof safety and adherence, asmall number of participants
used brief acetaminophen therapy, and 1 HILT participant was
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advised to avoid strenuous running during treatment. This
activity modification is an independent potential confounder.
Importantly, however, no adverse events were reported among
HILT recipients, supporting short-term tolerability in our
sample. Although 2 participants in the sham group withdrew
because of pain intolerance, both ITT and per-protocol
sensitivity analyses produced similar results, supporting the
robustness of our conclusions.

Finaly, this study assessed outcomes only immediately
postintervention, meaning the durability of effects remains
unknown. Furthermore, thelack of standardized HILT protocols

Jitpimolmard et al

for plantar fasciitis complicates cross-trial comparison. Future
research must prioritize longer follow-up, dose-finding studies,
standardized reporting of dosimetry, and adequately powered
trials (including stratified or targeted enrollment) to identify the
specific patient subgroups most likely to benefit from HILT.

This study provides high-quality evidence that HILT does not
offer additional benefits over standard stretching exercises in
the treatment of plantar fasciitis. Given the statistically similar
outcomes between the HILT and sham laser groups, our findings
reinforce the effectiveness of conservative treatment approaches
as the primary management strategy for plantar fasciitis.
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Abstract

Background: Thisstudy investigatesthe capacity of 7 artificial intelligence (Al) models, 5 freeand 2 paid, to generate functional
software for designing low-cost, personalized assistive products.

Objective: The objective wasto determine which models are most effective, accessible, and consistent in supporting nontechnical
professionalsin devel oping inclusive digital solutions and to assess the capabilities of commercially available and easy-to-access
Al modelsto generate code from natural language interactionsin the shape of a nontechnical assistive technology design process.

Methods: Each Al model was prompted using natural language, without any technical input, to create a Python program that
converts an arcade gamepad into an adapted mouse-like controller. Sixteen progressively complex functions were requested
through standardized prompts, delivered without additional feedback or correction. Model performance was eval uated based on
the number of successfully implemented functions and the average number of prompts required.

Results: Paid models demonstrated markedly superior performance. Gemini Pro (Google) successfully implemented 14 of 16
requested functions with an average of 1.25 (SD 0.45) prompts, while ChatGPT Plus (GPT-5) achieved 11 functions with an
average of 1.31 (SD 0.48) prompts. In contrast, free models produced between 0 and 4 functional outcomes, with DeepSeek and
Gemini Freeranking the highest within their category. The enhanced outcomes of paid model swere linked to improved contextual
understanding, greater tolerance for natural language, and reduced conversational drift.

Conclusions: Paid Al models, particularly Gemini Pro and ChatGPT Plus, exhibit strong potential as tools for bridging the gap
between health or education professionals and software development. They enable the creation of affordable, user-centered
assistive technology without requiring advanced programming skills. Nevertheless, human oversight and foundationa literacy
in prompt design remain crucial to guarantee functionality, reliability, and ethical use.

(JMIR Rehabil Assist Technol 2026;13:e86786) doi:10.2196/86786

KEYWORDS
artificial intelligence; assistive products; digital accessibility; Gemini; ChatGPT; inclusive software

: interfaces. It isthought that, by 2030, integrated assi stants, such
Introduction as the so-caled HyperAssistant, will be capable of
Background accompanying individual sthroughout all stages of development,

Artificial intelligence (Al) can be defined as the ability of
nonhuman systems, machines, or softwareto simulate functions
inherent to human intelligence, such as perceiving, reasoning,
learning, planning, and anticipating future situations [1]. The
recent advancementsin the field have made clear that generative
Al will open new scenarios in which human-machine
collaboration will enable faster and more adaptive software
solutions to meet the needs of people with disabilities [2]. In
these contexts, the professional programmer assumes a
supervisory role, while users without technical experience can
create functional prototypes through intuitive Al-powered

https://rehab.jmir.org/2026/1/e86786

bridging the gap between software conception and
implementation [3].

Al istransforming the way softwareis conceived and produced
by alowing nontechnical users to participate actively in
programming. Traditionally, this processwas restricted to those
mastering specific languages and methodologies;, however,
generative models in the shape of conversational Al systems
have reduced the gap between natural language and coding,
fostering digital inclusion and democratizing access to digital
creation [4,5]. Generative assistants increase productivity and
allow userswith limited skillsto build functional prototypes by
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using natural language—oriented programming, where users
express requirements in everyday language and Al translates
them into executable code, bridging human thought and
computational structures. This Al integration in devel opment
environments additionally enhances efficiency through real-time
suggestions and code autocompletion, while warning against
technological overreliance [6-8].

Design and Characteristics of Effective Promptsfor
Interaction With Al

The dialogue between auser and an Al system depends on how
instructions or prompts, as they are known in the Al
environment, are formulated. Prompts act as mediators between
human intention and automatic language generation, shaping
the trajectory of interaction, structuring intent, and bridging
human goals with machine logic [9]. The first key element to
achieving functional prompts is goa definition. Effective
communication with conversational systems requires explicit
purposes that limit and contain the semantic context. A prompt
without a defined end, such as “tell me about economics,”

Table. Types of prompts used.

Bafuls-Lapuertaet al

produces generic responses, whereas “ summarize in 200 words
the effects of remote work on business productivity” provides
focus and precision [10].

The second principle is linguistic specificity, referring to the
fact that grammatically well-structured prompts enhance
coherence. Since Al operatesthrough probabilistic predictions,
lexical clarity, thematic delimitation, and details about format
or audience reduce ambiguity [11-13]. The internal structure
should ideally include 5 essential elements: topic, style, tone,
format, and context. It should also contain action verbs (such
as anayze, compare, or synthesize) to guide specific
cognitive-like operations [14,15]. This level of precision is
fundamental, as prompt design directly influencesthe reasoning
processes activated by the model [16].

Using these key principles and unifying different prompt
explanations from the literature, we could divide prompts into
6 specific and differentiated types with their own goals (Table
1).

Prompt type Goal

Example

Zero-shot or decision

Few-shot or iterative

Chain of thought
by-step [19].
Sequential

Argumentative

Verification
biases[20].

Execute atask or produce a direct response
without prior examples[17].

Guide generation using prior examples[12,18].

Promote logical processes or explanations step-

Develop an idea or process step by step [11].

Request areasoned, well-supported position [11].

Review one’s own output and detect errors or

Explain the concept of neuroplasticity in smple
terms.

Example 1: write a scientific abstract.

Example 2: create a new one about artificial in-
telligence.

Explain, step by step, how you arrive at the con-
clusion about the benefits of automation.

First, define the concept, then provide an exam-
ple, and finally conclude.

Argue why automation can be beneficial.

Review your previous answer and indicate possi-
ble inaccuracies.

Communicative Limitations of Nonexpert Usersin
Interactions With Al

Several studies agree that interactions between users and Al
systems present communicative limitations stemming from the
spontaneous and imprecise use of natural language. Users
without technical training often formulate ambiguous prompts,
making it difficult for the system to interpret communicative
intent [21]. Additionally, the absence of nonverbal cuesand the
limited adaptability of artificial discourse exacerbate these
differences, revealing that the effectiveness of interaction
depends on the precision and structure of the language used
[22].

From a qualitative perspective, users tend to treat chatbots as
human interlocutors, reproducing communicative patterns based
on empathy and reciprocity [23]. Users tend to apply Grice
conversational maximswhen evaluating virtual assistants. These
maxims include quantity (providing the right amount of
information), quality (saying only what is true and verifiable),
manner (expressing oneself clearly and orderly, avoiding
ambiguity), and relevance (keeping responses focused on the
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topic at hand) [24]. Complementarily, anthropomorphism, or
trying to treat Al like a human, seems to induce a sort of
relational dissonancethat clearly showsacontradiction asusers
understand Al as nonhuman yet interact with it as if it were a
human [25,26].

Generative modelsdo not interpret implicit intentions but rather
textual correlations; therefore, effectiveness depends on the
specificity of the prompt [12,14]. Many users are unaware of
thismechanism and rely on trial and error [27,28]. Furthermore,
the absence of mental models about Al processing creates a
cognitive gap between intention and response, reinforced by
interfaces that simulate naturalness while not processing
information cognitively naturally [29,30].

In summary, most users lack the metalinguistic skills required
to design effective prompts, and bridging this gap demands a
form of communicative literacy oriented toward Al.

Al in Education: Barriers, Assistive Products, and
Opportunitiesfor Digital Inclusion

At thispoint, it is essential to analyze how Al can be integrated
into educational and disability support contexts, expanding
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opportunities for student participation and learning. This link
between technology and inclusion requires examining the
barriers that still limit its effective use in classrooms. The
analysis of possibilitiesfor students with disabilitieswithin the
school setting must addressthe obstaclesthat hinder their access
and active participation, emphasizing the importance of
identifying factorsthat prevent the functional use of educational
materials [31]. Students with disabilities face multiple
barriers—including negative attitudes, lack of appropriate
resources, and insufficient technological accessibility—which
restrict their access to inclusive and equitable education [32].

Sincethe COVID-19 pandemic, information and communication
technology has played a central role both in education and
society [33]. However, the lack of technological accessibility
remains a major barrier, as current learning materials heavily
depend on digital tools. This not only affects curricular access
but also the acquisition of digital skillsessential for adulthood.
Studies and hiring companies, such asiHire, highlight that 76%
of people seek employment online, illustrating the importance
of digital literacy for future labor inclusion [34,35].

To addressthese barriers, assistive products (APs) are key tools
for ensuring the educational and social participation of students
with disabilities. According to 1 SO 9999:2022, APs are products
that optimize functioning and reduce disability, serving as
intermediaries between personal abilities and environmental
demands. Thepreviousversion of thisstandard (1SO 9999:2016)
specified 3 key functions: facilitating participation, supporting
or substituting body functions, and preventing limitations or
restrictions in participation. APs associated with information
and communication technology include both hardware and
software, and the 1SO 9999:2023 standard emphasizes their
mixed nature, explicitly stating “including software” and
recognizing their educational value within category €130 of the
International Classification of Functioning [36-38].

Society and public administrations are responsible for ensuring
that children with disabilities have access to the APs necessary
for their personal and social development [39-41]. However,
the World Health Organization warns that high costs and
technical complexity limit access, particularly in educational

Table. Alsused, models, and price.

Bafuls-Lapuertaet al

contexts [42]. Although technological advances and
globalization have partially reduced prices, technical barriers
remain in specific contexts [43].

While many education and health professionals are familiar
with physical APs, they often lack expertise in software-based
solutions, which usually require technical support from IT
specialists. This dependency increases costs and delays
implementation. In this context, Al represents a major
opportunity: its ability to generate and modify code accessibly
allows the creation or adaptation of low-cost technological
products, narrowing the gap between technical design and real
student needs [44]. Although Al-generated software may not
reach the technical refinement of professionally supervised
development, it offers an effective, economical, and flexible
alternative to enhance accessibility and educational participation
for students with disabilities, particularly in low-resource or
time-constrained contexts.

Methods

Overview

The software development process was carried out iteratively
with the assistance of 8 different Al models, 6 of which were
free and 2 were paid (Table 2). These models were selected to
generate results applicable to contexts where cost may be a
limiting factor. The chatbots were asked to program a software
solution to convert an arcade fighting-style controller into a
computer control device similar to an adapted mouse.
Communication with the Als was conducted using
predetermined prompts prior to testing.

The objective was not only to obtain afunctional program but
also to significantly reduce the feedback provided to each Al
and subsequently analyze each model’s ability to solve the
problem as efficiently as possible, assessing whether it could
produce a complete and functiona solution. This approach
enabled the comparison of performance, accuracy, and
coherence across different platforms within the same
experimental context, providing objective data on their real
effectiveness in supporting software development through
natural language instructions.

Company Al2 Model Price

OpenAl ChatGPT (Free) GPT-4.1 mini N/AP

OpenAl ChatGPT (Pro) GPT-5 €23 (US $26.36)/month
Google Gemini (Free) Gemini 2.5 Pro N/A

Google Gemini (Paid) Gemini 2.5 Pro €21.99 (US $25.20)/month
Anthropic Claude (Free) Sonnet 4.5 N/A

DeepSeek DeepSeek DeepSeek V3.2 N/A

Microsoft Copilot o3 mini N/A

Al artificial intelligence.
BN/A: not applicable.

To ensure experimental validity and avoid prior learning or
contamination from conversational memory, each evaluation

https://rehab.jmir.org/2026/1/e86786

was conducted in entirely new conversations and, in the case
of free plans, through newly created accounts. This strategy is
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grounded in empirical evidence showing that conversational
history can induce bias or interference between tasks, thereby
affecting model responses [45]. Similarly, literature on data
contamination in language models indicates that any prior
exposure to the evaluated information alters the reliability of
results [46,47]. Even dlight reformulations or lingering
contextual information can modify the direction and quality of
the generated output [48]. Therefore, initiating each session in
a clean environment constitutes a methodol ogically necessary
measure to control carryover bias, prevent contextual |eakage,
and ensureindependence between trials, thereby preserving the
external comparability of performance and accuracy acrossthe
evaluated models.

Ethical Consider ations

The Research Ethics Committee of Valencia Catholic University
Saint Vincent Martyr approved the study (UCV/2023-2024/010).

Table. Function desired and chosen prompt.

Bafuls-Lapuertaet al

Test Protocol

Thefirst step in initiating the coding process was to define the
functions that could be beneficial and link each of them to the
prompts that would be sent to the different Als (Table 3). The
definition of these prompts and the design of the conversation
were based on two key concepts:

1. Iterative execution: theinitial prompt is sent; the generated
codeistested for functionality; and if it works successfully,
the next prompt is sent with the intention of iteratively
adding new features to the designed program.

2. Error handling: no feedback is provided, only the message
“it doesn’'t work, fix it.” This approach is based on the
understanding that a person without technical qualifications
might not comprehend the underlying problemsin the code
and would likely just ask the Al to fix the errors
encountered. Such a person might be ableto inform the Al
that, for example, the joystick is not working but not
describe more complex interaction failures or interpret
Python error messages.

Function

Prompt

1. Move mouse with joystick

2. Singleright and left click

3. Allow button reassignment

4. Double left click from a single button

5. Toggle hold for left click

6. Scroll page up and down
7. Increase and decrease volume
8. Assign aprogram to a button

9. Perform an automatic click after 3 seconds of mouse inactivity

10. Allow double-click with a configurable delay

11. Type the user's name with a button
12. Pause and unpause

13. Ignore movement during the first second of joystick input

14. Automatically send a help email

15. Generate an app that allows modifying sensitivity and delay time for
automatic clicking

16. Create a program and installer

I have no knowledge of programming.

I have a generic fighting style Game Pad that has a single joystick and
several buttons.

| need you to code a program in Python that allows the joystick on this
device to generate the movements of the computer mouse.

| need you to code left and click buttons like the mouse has.

| need you to code in an app that allows the program to reassign keysin
the gamepad.

| need you to add an extra button that performs a double click in single
click.

I need you to add an extra button that holds left click when pressed and
releases when pressed again.

| need you to add two extra buttons for scrolling up and down.
| need you to add extra buttons for volume up and down.
| need you to add an extra button that opens Google Chrome when pressed.

Make it so that when the mouse automatically clicks once when standing
still for 3 seconds.

| need you to add a delay that allows two clicks made within 3 secondsto
register as a double click.

| need you to add a button that writes the name Pelayo.
I need you to add a button that toggles between pause and play.

| need you to add a delay that ignores the first seconds of movement in
any direction and then starts moving.

| need you to add an extra button that automatically sends an email saying
“Help” to francesc.banuls@ucv.es.

| need you to code in an app that alows me to change sensitivity of the
joystick and how long the mouse waits after being still to automatically
click.

I need you to compile the program made into an app by coding installer
for this app.
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Based on this premise, and to reduce inconsistencies, it was
considered that modern Als increasingly incorporate more
integrated self-feedback mechanisms, independent from human
input, and that models should be capable of performing such
functions[49]. All testing was conducted by the authors, in the
context of an autonomous reference center for disability in
Valencia, Spain, during 4 days, from October 10, 2025, to
October 14, 2025. Subsequently, all testing was conducted with
the approval of the university’s ethics committee with code
UCV/2023-2024/010.

Additionally, all testing was conducted using a Kubii USB
Arcade Controller reference ODARCADE, connected viaUSB
to a Windows 11 computer using Python 3.13 and having
installed the libraries pygame and pyautogui.

The selection and design of the prompt constitute a key
methodological element in this study, asits structure determines
the comparative validity among the different Al models
analyzed. Its uniformity follows the principle of instructional
consistency, emphasizing that coherence in the formulation of
commands is essential to ensure comparability between
conversational systems[10]. Complementarily, the structure of
the prompt conditionsthe type of cognitive processing activated
by the model; therefore, keeping it constant allowstheisolation
of theintrinsic effect of each architecture[11]. Minimal wording
differences can change both performance and the relative
ranking of models, reinforcing the need to use a standardized
prompt. Accordingly, the prompts were designed based on 3
theoretical principles[12,28,50].

Thefirst is defining a nontechnical user role, representative of
professionals without programming training. Contextualizing
the interlocutor’'s identity allows for adjusting response
complexity, and that assigning an explicit role guides the
model’s generation toward a semantically coherent and
functional framework. This role also demands that all models
are accessed from their web-found standard versions without
adjusting models or using specific more technical or specially
designed models for programming. This can be seen in the use
of Copilot instead of specific instances coded into GitHub or
other programming platforms[10,11].

The second is presenting a sequence of actions formulated in
natural language and logical order. Procedural prompts activate
step-by-step reasoning that promotes coherent and structured
results, facilitating the translation of human descriptions into
computational processes (as the de facto interaction mode with
chatbots), athough such prompts may carry a higher risk of
drift [11].

The third is detailing functional requirements, such as cursor
control or command execution. Precision in parameters or
specific conditions reduces ambiguity and improves consistency
of the output, making the prompt a cognitive interface between
human language and automated execution [12,28].

These 3 concepts serve as guiding principlesto mediate between
the natural language of anontechnical professional andthe Als.
To more faithfully emulate the real process of software design
by aperson without advanced technical knowledge, 2 conditions
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were established to determine when to terminate the
programming attempts.

The first one is that 3 consecutive nonfunctional generations
either faill to execute, only partially implement, or lose
communication with the gamepad. It is understood that if 3
consecutive iterations cannot fix inherited errors without
feedback, it is unlikely that subsequent oneswill do so.

Prompts are considered successful when they can correctly
implement the full capabilities described in Table 1 for each
prompt without compromising existing functionality. They are
considered partially successful when they either maintain
previous capabilities but only partially implement new functions
or when they correctly implement new functions but lose
previous ones. Finally, prompts are considered unsuccessful
when they either fail to execute or lose communication with the
gamepad. Partially successful prompts are marked as such to
better understand the performance of different models but are
functionally considered unsuccessful as they did not achieve
the desired function. As such, 3 unsuccessful or partialy
successful prompts (with 2 tries each) stop interactions with a
model.

The other way in which interactions with models are stopped
is when reaching the daily prompt limit in free plans, to better
reflect that the prompt limit is one of the most significant
constraints of these models.

Goals

The experimental design was developed with the explicit
understanding that current Al systems are inherently
nondeterministic and that the replication of results will be
inconsistent [51]. Consequently, the study objectives reflect
thisfact:

« Genera goa 1. compare the effectiveness of the most
widely used Al solutions as software programmers for
creating personalized assistive products using nontechnical
natural language.

»  Specific goal 1: describe the relationship between cost
and effectiveness of the models used.

»  Specific goal 2: analyze the ease of use, consistency,
and accuracy of each model.

Results

Overview

The8 Al solutionsinitially proposed were used to progressively
design robust code solutions, incorporating functions of
increasing complexity inspired by APswith similar objectives.

The results can be divided according to the cost of the
alternatives, distinguishing between those that arefree of charge