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Abstract

Background: In recent years, there has been a great interest in analyzing upper-limb kinematics. Inertial measurement with
mobile phones is a convenient and portable analysis method for studying humerus kinematics in terms of angular mobility and
linear acceleration.

Objective: Theaim of this analysis was to study upper-limb kinematics via mobile phones through six physical properties that
correspond to angular mobility and acceleration in the three axes of space.

Methods: Thiscross-sectional study recruited healthy young adult subjects. Humerus kinematics was studied in 10 young adults
with the iPhoned. They performed flexion and abduction analytical tasks. Mobility angle and lineal acceleration in each of its
axes (yaw, pitch, and roll) were obtained with the iPhoned. This device was placed on the right half of the body of each subject,
in the middle third of the humerus, slightly posterior. Descriptive statistics were cal cul ated.

Results: Descriptive graphics of analytical tasks performed were obtained. The biggest range of motion was found in pitch
angle, and the biggest accel eration was found in the y-axisin both analytical tasks. Focusing on tridimensional kinematics, bigger
range of motion and accel eration was found in abduction (209.69 degrees and 23.31 degrees per second respectively). Also, very
strong correlation was found between angular mobility and linear acceleration in abduction (r=.845) and flexion (r=.860).

Conclusions: The use of an iPhone for humerus tridimensional kinematicsis feasible. This supports use of the mobile phone
as adevice to analyze upper-limb kinematics and to facilitate the evaluation of the patient.

(JMIR Rehabil Assist Technol 2015;2(1):e4) doi: 10.2196/rehab.4101
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: have been measured by manua goniometry for the last 100
Introduction years, but measurement methods have recently expanded [3-6].
Upper-limb mobility is of great interest in clinical settings[1] ~Besides goniometry, arm ROM has been studied by other
because measuring the range of motion (ROM) is critical when ~ Methods, such a digital goniometer [5], visual estimation [7],
evaluating the musculoskeletal system [2]. Upper extremities digital inclinometer [8,9], three-dimensiona (3D) gyroscope
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[10,11], polhemus fastrak [12], calibration anatomical system
techniques [13], the Kinect system [14], biplane fluoroscopy
[15,16], markers fitted on intracortical pins [17], 3D
computerized tomography [18], and the moiré fringe projection
technique [19].

Recently, telerehabilitation has provided rehabilitation using
Internet communication as a result of emerging contemporary
technologies for therapeutic purposes [20,21]. Thus,
Internet-based evaluation and goniometry have been accepted
as new, valid, and reliable tools for measuring ROM [22]. This
drives the use of the mobile phone as a tool for assessing and
measuring. Mobile phone apps are being validated as
goniometric tools[23] through clinometers[24] or goniometers
[25]. Image-based apps have been created for measuring elbow
and hallux valgus angles [26,27], and clinometer-based apps
have also been created for measuring shoulder ROM [24]. In
addition, an inclinometer-based app on amobile phone has been
demonstrated to have an acceptable reliability compared to
conventional inclinometersthat evaluate the shoulder joint [28].
Furthermore, active shoulder external rotation measures have
been validated using inclinometery-based and image-based apps
[29]. Recently, a study has analyzed arm motion by inertial
variables provided by a mobile phone in five subjects [30].

One of the recently used techniques has been inertial sensors.
Their usein human analysisinvolvesavalid and reliable method
that provides the potential required for dynamic 3D motion
analysis [31]. Their protocol [32] and intra- and interoperator
reliability [33] in the upper extremity have been determined. In
addition, their operational feasibility in various clinical
applications has been studied [34]. Several protocols have also
been developed for analyzing the scapulothoracic,
humerothoracic, and elbow joints [35], aswell as scapula[36].
Very recently, reliability and precision of scapula kinematic
through inertial and magnetic measurement systems (IMMS)
has been studied in healthy subjects [37]. Advantages and
disadvantages of these sensors have been discussed as part of

Table 1. Values of anthropometric and descriptive variables.
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avariety of motion analysis systems[38]. Thus, inertial sensors
embedded in mobile phones have been used for analyzing
movement, such as trunk kinematics [39]. More specifically,
they have been used for evaluating shoulder movement using
kinematic scores to assess the difference between healthy and
painful shoulders[30].

Emerging mobile phone use for therapeutic purposes [40] has
led to the need for research on arm ROM using mobile phones
while incorporating the qualities of inertial sensors that allow
clinicians an inexpensive and easy-to-use tool for upper
extremity evaluation and outcome assessment.

The purpose of this study was to study humerus kinematics
through two physical properties that correspond to angular
mobility and acceleration in the three axes of space, obtained
by inertial sensors embedded in a mobile phone.

Methods

Subjects

This cross-sectional study recruited healthy young adults from
the Faculty of Health Sciences (University of Mélaga) who were
interested in taking part in the project. Subjects provided
inclusion and exclusion criteria. Inclusion criteriaincluded being
aged between 18 and 35 years, having aBody Mass Index (BMI)
between 18.5 and 28, and being right-handed. Exclusion criteria
included  consuming  analgesics or  non-steroidal
anti-inflammatory drugs (NSAIDs) and suffering from shoul der
pathol ogy.

Ten subjects (7 men and 3 women) were included. Mean age
was 24.2 years (SD 4.04 years), and average BM| was 22.59

kg/m%(SD 2.4 kg/m?; see Table 1).
The ethics committee of the University of Méalaga, Spain,

approved this study. Written consent was obtained following
an explanation of the procedures.

Minimum Maximum Mean Standard deviation
Age, years 20.00 34.00 24.20 4.04
Size, cm 156.00 184.00 172.20 9.05
Weight, kg 48.00 87.00 66.60 11.88
BMI, kg/m? 19.72 27.46 22.59 2.40
Apparatus Inc.), available at the Apple AppStore. The data-sampling rate

Mobility angle (degrees) and accel eration were measured along
three orthogonal axes using the iPhone4 (LG Electronics INC,
Seoul, South Korea) i0S8.2, which has a storage capacity of
20MB. This phone was placed on the right half of the body of
each subject in thetriceps skinfold site, located on the posterior
part of triceps at mid-acromiale-radialelevel (defined by I SAK)
[41]. The phone was attached by using a neoprene arm belt
(Figure 1) and remained attached throughout. The app used to
obtain kinematic datawas xSensor Pro (Crossbow Technology,

http://rehab.jmir.org/2015/1/e4/

was set to 32 Hz, and the data for each anaytical task was
transmitted as email for analysis and post-processing. Datafrom
the phone were subsequently sent to a Microsoft Excel 2007
database.

Because of its positioning, axes and planes in the phone
corresponded to different planes of anatomical movement: yaw
(2) for shoulder flexor-extension plane, pitch (y) for shoulder
abduction plane, and roll (x) for humerusrotation plane (Figure
2).

JMIR Rehabil Assist Technol 2015 |vol. 2 |iss. 1|e4|p. 2
(page number not for citation purposes)


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

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Roldan-Jimenez et &

Figure 1. iPhone4 smartphone placed on the right hemi-body of a subject.
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Figure 2. Representation of yaw, pitch, and roll axes in the smartphone placed on humerus.

Procedure

Subj ectswere asked to attend the study in the Human Movement
Laboratory, Faculty of Health Sciences (University of Méalaga).
The analytical task to be performed was explained clearly. The
beginning and the end were decided by a verbal order by the
researcher, which wasidentical for all participants. They stood,
starting from a neutral position, and performed the following
analytical tasks: right shoulder abduction for eight repetitions
and, after abreak of about three minutes, right shoulder flexion
for eight repetitions. Participants were told to perform the
movementsto the highest position they could reach. Both tasks
were performed with the elbow extended, the wrist in aneutral
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position, and the palm area of the hand toward the midline at
the beginning and end of the movement.

Data Analysis

SPSSv15.0 wasused for all statistical computations. Descriptive
statistics (mean, standard deviation, minimum, and maximum)
were calculated for age, height, weight, BMI, angular mobility,
and linear acceleration. Standard procedures were used to
caculate means and standard deviations. The
Kolmogorov-Smirnov test showed anormal distribution of the
data (P>.05).

Angular mobility and linear accel eration were calculated in two
different ways: calculating each space of motion separately and
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considering the resultant vector of the three axes of movement,
which was understood as: Resultant vector = Vx>+ y>+z2

Results

Analyzing angular mobility allowed us to obtain descriptive
graphics of analytical tasks performed by each participant
(Figure 3).

Means and standard deviations of angular mobility and
acceleration were calculated. For that, data from the second
repetition of the second series for both abduction and flexion
movements in each of the space axes were analyzed.

In terms of angular mobility, the biggest range was found in
pitch axis for flexion movement, followed by the same axisin

Roldan-Jimenez et d

abduction. However, the smallest range was found in yaw for
flexion and in roll for abduction. Considering resultant vector,
ROM is bigger for abduction (Table 2).

Regarding acceleration, thelargest valuewasfound in the y-axis,
followed by the z- and x-axes in both movements. Flexion
acceleration was greater in the x-axis when compared to
abduction; while, in abduction, acceleration was greater in the
y- and z-axes than flex. With regards to resultant vector,
acceleration was greater in abduction (Table 3).

Relationship between angular mobility and linear acceleration
was cal culated for both tasksin each axes of space and resultant
vector. Strong correlation was found in y and x as well asin
resultant vector, for both tasks. However, that correlation was
not significant in yaw axis. More details are shown in Table 4.

Table 2. Degrees of angular mobility recorded in abduction and flexion movement.

Angles Abduction, mean (SD) Flexion, mean (SD)
Yaw 109.96 (39.44) 79.81 (39.69)

Pitch 151.59 (10.21) 156.15 (12.40)

Roll 87.53 (38.46) 80.09 (47.45)
Resultant vector 209.69 (42.01) 197.89 (42.02)

Table 3. Degre%/secondszof acceleration recorded in abduction and flexion movement.

Axes Abduction, mean (SD) Flexion, mean (SD)
X 8.48 (1.76) 8.53(2.8)
Y 19.48 (0.85) 19.43 (0.77)
z 9.41(1.5) 7.09 (1.9)
Resultant vector 23.31 (1.58) 2255 (1.73)
Table 4. Pearson correlation between angular mobility and linear acceleration.
Task Abduction, Flexion,
correlation (P value) correlation (P value)
Yaw (2) 462 (.17) 380 (.2)
Pitch (y) 914 (<.01) 915 (<.01)
Roll (x) 811 (<.01) 691 (.02)
Resultant vector .845 (<.01) .860 (<.01)
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Figure 3. Four examples of kinematic patterns through repetitions shown for angular mobility during ABD (A) and FLEX in pitch axis (B), and the

linear acceleration during abduction (C) and flexion (D) in the y-axis.
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Discussion

Principal Findings

This study has described and examined upper-limb 3D
kinematics using the inertial sensor in the iPhone4 during the
performance of shoulder abduction and flexion task in healthy
subjects. The biggest range of motion and largest acceleration
values varied along each axes. However, taking into account
resultant vector from each axes of space, mobility and
acceleration were found to be greater for abduction movement.
Strong correlation was found between tridimensional mobility
and acceleration for both task. The results obtained in this study
allow us to obtain descriptive data from upper-limb 3D
kinematics, providing an overview of the use of amobile phone
for the study of upper-limb movement.

Previous research has attempted to describe overall upper-limb
kinematics through mobile phones. Recently, mobile phone
inclinometric measurements of various movements, including
abduction and flexion, were performed in 41 affected shoulders.

http://rehab.jmir.org/2015/1/e4/
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Results showed an acceptable reliability score when compared
to conventional goniometers [28]. Very recently, functional
assessments of the shoulder through velocity and acceleration
inertial variables provided by a mobile phone were studied in
five subjects[30]. The use of aclinometer embedded in amobile
phone has been validated in shoulder abduction and flexion
movements in healthy and symptomatic shoulders [24].
Recently, mobile phone goniometric measurements have been
validated in five healthy subjects, obtaining 95.2° for flexion
and 155.4° for abduction [25], which issimilar to the abduction
degrees obtained in  our study. Furthermore, an
inclinometery-based and photo-based mobile phone app has
been validated for measuring shoulder external rotation [29].

Upper-limb motion has been studied using several devicesfrom
decades ago. However, it tends to be deep in kinematic aspects
[31] and 3D kinematics[32,42]. For that reason, inertial devices
have played an important role when studying shoulder
kinematicsin severa studies[43,44]. Obtaining different results
depending on analyzing one plane/axis or its resultant vector
intensifies the importance of taking into account the
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three-dimensional component of anatomical movement, whose
analysisisallowed through inertial sensors embedded in mobile
phones.

Nowadays, because of new technologies, the concept of
telerehabilitation has emerged as an attractive opportunity for
provisioning rehabilitation at a distance with the Internet, thus
improving the quality of rehabilitation health care [20,21].
Providing comprehensiveinstructions regarding placement and
use of mobile phoneswould allow patientsto measure humerus
kinematics, facilitating equitable access to al individuals.
Regarding upper-limbs, diagnosis and assessment of
musculoskeletal shoulder disorders through the Internet have
already been studied [45]. Astelerehabilitation is a convenient
and easy-to-use system, it would help patients and physicians
meet health-related goals. Communication technologies as part
of telehealth should a so reduce health care costs.

Having reference values of humerus kinematics in the future
would be potentially desirable for comparing data from new
technologies, such smartphones or smartcameras like Kinect,
opening a new world of possibilities in shoulder telehealth
assessment.

Tridimensional kinematic tendency, along with the birth of the
concept of telerehabilitation, shows the need for mobile phone
3D evaluation of arm movements. The results of this study are
in line with other research and show that the use of inertial
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sensors embedded in mobile phones for upper-limb kinematic
analysis appears feasible.

Limitations

The main weakness of the study is that it is a cross-sectional
study, which means cause and effect relationshipsin kinematic
patterns cannot be established. In addition, criterion validity
has not been studied because there is no criterion standard.

However, having a sample with alarger number of participants
and in which there are also subjects presenting shoulder
pathology, we hope to compare our results with those studies
reporting on other systems for upper-limb motion analysis.
Furthermore, measuring upper-limbs with a gold standard
system will alow us to validate mobile phones in upper-limb
use as an inertial, easy-to-use measurement. It should be also
mentioned that this study estimated only humerus kinematics,
while the contribution of other shoulder joints, like
sternoclavicular and acromioclavicular ones [46], whose
importance has been previously claimed were not included.

Conclusion

This study discusses humerus kinematics and identifies
movement patterns. Therefore, it supports using mobile phones
as devices to analyze upper-limb kinematics. Thanks to this
study, it is possible to develop a simple and accessible-to-all
app that facilitates patient evaluation in this area.

Acknowledgments

This study received agrant for Best Protocol Research in 2013 from the Chartered Society of Physiotherapy in Andalusia, Spain.

The authors are grateful to the volunteers for their participation.

Authors Contributions

AICV and PB participated in the conception and design of the study; the data collection, analysis, and interpretation of data; and
hel ped to draft the manuscript. CRJ participated in the data collection, analysis, and interpretation of dataand drafted the manuscript.

All authors read and approved the final manuscript.

Conflicts of Interest
None declared.

References

1. Muir SW, Luciak Corea C, Beaupre L. Evaluating changein clinical status: reliability and measures of agreement for the
assessment of glenohumeral range of motion. N Am J Sports Phys Ther 2010 Sep;5(3):98-110 [FREE Full text] [Medline:

21589666]

2. McFarland EG. Examination of the Shoulder: The Complete Guide. New York: Thieme; 2006.
3. BooneDC, Azen SP, Lin CM, Spence C, Baron C, Lee L. Reliability of goniometric measurements. Phys Ther 1978

Nov;58(11):1355-1360. [Medline: 704684]

Fortescue Fox R. Physical Remedies for Disabled Soldiers. London: Bailliére, Tindall and Cox; 1917.

5. Gagdosik RL, Bohannon RW. Clinical measurement of range of motion. Review of goniometry emphasizing reliability and
validity. Phys Ther 1987 Dec;67(12):1867-1872 [FREE Full text] [Medline: 3685114]
6. Rostn NG, Neil G. A simplified method of measuring amplitude of motion in joints. J Bone Joint Surg Arm 1922 Jul

1;4(3):570-579.

7.  Terwee CB, de Winter AF, Scholten RJ, Jans MP, Devillé W, van SD, et al. Interobserver reproducibility of the visual
estimation of range of motion of the shoulder. Arch Phys Med Rehabil 2005 Jul;86(7):1356-1361. [Medline: 16003664]

8.  Kolber MJ, Hanney WJ. Thereliability and concurrent validity of shoulder mobility measurementsusing adigital inclinometer
and goniometer: atechnical report. Int J Sports Phys Ther 2012 Jun;7(3):306-313 [FREE Full text] [Medline: 22666645]

http://rehab.jmir.org/2015/1/e4/

JMIR Rehabil Assist Technol 2015 |vol. 2 |iss. 1|e4|p. 7
(page number not for citation purposes)


http://europepmc.org/abstract/MED/21589666
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21589666&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=704684&dopt=Abstract
http://www.ptjournal.org/cgi/pmidlookup?view=long&pmid=3685114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3685114&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16003664&dopt=Abstract
http://europepmc.org/abstract/MED/22666645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22666645&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Roldan-Jimenez et &

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Kolber MJ, Vega F, Widmayer K, Cheng MSS. Thereliability and minimal detectable change of shoulder mobility
measurements using a digital inclinometer. Physiother Theory Pract 2011 Feb;27(2):176-184. [doi:
10.3109/09593985.2010.481011] [Medline: 20690872]

El-Zayat BF, Efe T, Heidrich A, Anetsmann R, Timmesfeld N, Fuchs-Winkelmann S, et al. Objective assessment,
repeatability, and agreement of shoulder ROM with a 3D gyroscope. BMC Musculoskelet Disord 2013;14:72 [FREE Full
text] [doi: 10.1186/1471-2474-14-72] [Medline: 23442604]

El-Zayat BF, Efe T, Heidrich A, Wolf U, Timmesfeld N, Heyse TJ, et al. Objective assessment of shoulder mobility with
anew 3D gyroscope--a validation study. BMC Muscul oskelet Disord 2011;12:168 [FREE Full text] [doi:
10.1186/1471-2474-12-168] [Medline: 21777447)

Namdari S, Yagnik G, Ebaugh DD, Nagda S, Ramsey ML, Williams GR, et a. Defining functional shoulder range of
motion for activities of daily living. J Shoulder Elbow Surg 2012 Sep;21(9):1177-1183. [doi: 10.1016/j.jse.2011.07.032]
[Medline: 22047785]

Ceccon S, Ceseracciu E, SawachaZ, Gatta G, Cortesi M, Cobelli C, et al. Motion analysis of front crawl swimming applying
CAST technique by means of automatic tracking. J Sports Sci 2013;31(3):276-287. [doi: 10.1080/02640414.2012.729134]
[Medline: 23057667]

Kurillo G, Han JJ, Obdrzalek S, Yan B, Abresch RT, Nicorici A, et al. Upper extremity reachable workspace evaluation
with Kinect. Stud Health Technol Inform 2013;184:247-253. [Medline: 23400165]

Giphart JE, van der Meijden OAJ, Millett PJ. The effects of arm elevation on the 3-dimensional acromiohumeral distance:
a biplane fluoroscopy study with normative data. J Shoulder Elbow Surg 2012 Nov;21(11):1593-1600. [doi:
10.1016/j.js2.2011.11.023] [Medline: 22361718]

Giphart JE, Brunkhorst JP, Horn NH, ShelburneKB, Torry MR, Millett PJ. Effect of plane of arm elevation on glenohumeral
kinematics: a normative biplane fluoroscopy study. J Bone Joint Surg Am 2013 Feb 6;95(3):238-245. [doi:
10.2106/JBJS.J.01875] [Medline: 23389787]

Da Maso F, Raison M, Lundberg A, Arndt A, Begon M. Coupling between 3D displacements and rotations at the
glenohumeral joint during dynamic tasksin healthy participants. Clin Biomech (Bristol, Avon) 2014 Nov;29(9):1048-1055.
[doi: 10.1016/].clinbiomech.2014.08.006] [Medline: 25217235]

Park JY, Hwang JT, Kim KM, Makkar D, Moon SG, Han KJ. How to assess scapular dyskinesis precisely: 3-dimensional
wing computer tomography--a new diagnostic modality. J Shoulder Elbow Surg 2013 Aug;22(8):1084-1091. [doi:
10.1016/j.js2.2012.10.046] [Medline: 23352185]

Gomes PF, Sesselmann M, Faria CDCM, Araljo PA, Teixeira-Salmela LF. Measurement of scapular kinematics with the
moiré fringe projection technique. J Biomech 2010 Apr 19;43(6):1215-1219. [doi: 10.1016/j.jbiomech.2009.12.015]
[Medline: 20097346]

Russell TG. Telerehabilitation: acoming of age. Aust J Physiother 2009;55(1):5-6. [Medline: 19226236]

Theodoros D, Russell T. Telerehabilitation: current perspectives. Stud Health Technol Inform 2008;131:191-209. [Medline:
18431862]

Russell T. Goniometry viathe internet. Aust J Physiother 2007;53(2):136. [Medline: 17535154]

Milani P, Coccetta CA, Rabini A, Sciarra T, Massazza G, Ferriero G. Mobile smartphone applications for body position
measurement in rehabilitation: areview of goniometric tools. PM R 2014 Nov;6(11):1038-1043. [doi:
10.1016/j.pmrj.2014.05.003] [Medline: 24844445]

Werner BC, Holzgrefe RE, Griffin JW, Lyons ML, Cosgrove CT, Hart JM, et al. Validation of an innovative method of
shoulder range-of-motion measurement using a smartphone clinometer application. J Shoulder Elbow Surg 2014
Nov;23(11):€275-€282. [doi: 10.1016/j.jse.2014.02.030] [Medline: 24925699]

KimYS, Jang S, Yoo Y. Mobile Assessment System for Shoulder Joint Rehabilitation: System Devel opment and Preliminary
Study. 1IIBSBT 2014 Apr 30;6(2):51-60. [doi: 10.14257/ijbsbt.2014.6.2.05]

Ferriero G, Sartorio F, Foti C, Primavera D, Brigatti E, Vercelli S. Reliability of a new application for smartphones
(DrGoniometer) for elbow angle measurement. PM R 2011 Dec;3(12):1153-1154. [doi: 10.1016/j.pmrj.2011.05.014]
[Medline: 22192326]

Walter R, Kosy JD, Cove R. Inter- and intra-observer reliability of a smartphone application for measuring hallux valgus
angles. Foot Ankle Surg 2013 Mar;19(1):18-21. [doi: 10.1016/j.fas.2012.08.004] [Medline: 23337271]

Shin SH, Ro DH, Lee OS, Oh JH, Kim SH. Within-day reliability of shoulder range of motion measurement with a
smartphone. Man Ther 2012 Aug;17(4):298-304. [doi: 10.1016/j.math.2012.02.010] [Medline: 22421186]

Mitchell K, Gutierrez SB, Sutton S, Morton S, Morgenthaler A. Reliability and validity of goniometric iPhone applications
for the assessment of active shoulder external rotation. Physiother Theory Pract 2014 Oct;30(7):521-525. [doi:
10.3109/09593985.2014.900593] [Medline: 24654927]

Oihénart L, Duc C, Aminian K. iShould: Functional evaluation of the shoulder using a Smartphone. Gait & Posture 2012
Jun;36:S61-S62. [doi: 10.1016/j.gaitpost.2011.10.284]

Cuesta-Vargas Al, Galan-Mercant A, Williams JM. The use of inertial sensors system for human motion analysis. Phys
Ther Rev 2010 Dec;15(6):462-473 [FREE Full text] [doi: 10.1179/1743288X 11Y.0000000006] [Medline: 23565045]

http://rehab.jmir.org/2015/1/e4/ JMIR Rehabil Assist Technol 2015 |vol. 2 |iss. 1| e4|p. 8

(page number not for citation purposes)


http://dx.doi.org/10.3109/09593985.2010.481011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20690872&dopt=Abstract
http://www.biomedcentral.com/1471-2474/14/72
http://www.biomedcentral.com/1471-2474/14/72
http://dx.doi.org/10.1186/1471-2474-14-72
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23442604&dopt=Abstract
http://www.biomedcentral.com/1471-2474/12/168
http://dx.doi.org/10.1186/1471-2474-12-168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21777447&dopt=Abstract
http://dx.doi.org/10.1016/j.jse.2011.07.032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22047785&dopt=Abstract
http://dx.doi.org/10.1080/02640414.2012.729134
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23057667&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23400165&dopt=Abstract
http://dx.doi.org/10.1016/j.jse.2011.11.023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22361718&dopt=Abstract
http://dx.doi.org/10.2106/JBJS.J.01875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23389787&dopt=Abstract
http://dx.doi.org/10.1016/j.clinbiomech.2014.08.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25217235&dopt=Abstract
http://dx.doi.org/10.1016/j.jse.2012.10.046
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23352185&dopt=Abstract
http://dx.doi.org/10.1016/j.jbiomech.2009.12.015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20097346&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19226236&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18431862&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17535154&dopt=Abstract
http://dx.doi.org/10.1016/j.pmrj.2014.05.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24844445&dopt=Abstract
http://dx.doi.org/10.1016/j.jse.2014.02.030
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24925699&dopt=Abstract
http://dx.doi.org/10.14257/ijbsbt.2014.6.2.05
http://dx.doi.org/10.1016/j.pmrj.2011.05.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22192326&dopt=Abstract
http://dx.doi.org/10.1016/j.fas.2012.08.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23337271&dopt=Abstract
http://dx.doi.org/10.1016/j.math.2012.02.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22421186&dopt=Abstract
http://dx.doi.org/10.3109/09593985.2014.900593
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24654927&dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2011.10.284
http://europepmc.org/abstract/MED/23565045
http://dx.doi.org/10.1179/1743288X11Y.0000000006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23565045&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Roldan-Jimenez et &

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

Kontaxis A, Cutti AG, Johnson GR, Veeger HE. A framework for the definition of standardized protocols for measuring
upper-extremity kinematics. Clin Biomech (Bristol, Avon) 2009 Mar;24(3):246-253. [doi: 10.1016/j.clinbiomech.2008.12.009]
[Medline: 19200628]

Parel I, Cutti AG, FiumanaG, Porcellini G, Verni G, Accardo AP. Ambul atory measurement of the scapulohumeral rhythm:
intra- and inter-operator agreement of a protocol based oninertial and magnetic sensors. Gait Posture 2012 A pr;35(4):636-640.
[doi: 10.1016/j.gaitpost.2011.12.015] [Medline: 22300730]

Wong WY, Wong MS, Lo KH. Clinical applications of sensors for human posture and movement analysis: areview.
Prosthet Orthot Int 2007 Mar;31(1):62-75. [doi: 10.1080/03093640600983949] [Medline: 17365886]

Cutti AG, Giovanardi A, Rocchi L, Davalli A, Sacchetti R. Ambulatory measurement of shoulder and elbow kinematics
through inertial and magnetic sensors. Med Biol Eng Comput 2008 Feb;46(2):169-178. [doi: 10.1007/s11517-007-0296-5]
[Medline: 18087742]

Parel I, Cutti AG, Kraszewski A, Verni G, Hillstrom H, Kontaxis A. Intra-protocol repeatability and inter-protocol agreement
for the analysis of scapulo-humeral coordination. Med Biol Eng Comput 2014 Mar;52(3):271-282. [doi:
10.1007/s11517-013-1121-y] [Medline: 24136689]

van den Noort JC, Wiertsema SH, Hekman KM, Schinhuth CP, Dekker J, Harlaar J. Reliability and precision of 3D wireless
measurement of scapular kinematics. Med Biol Eng Comput 2014 Nov;52(11):921-931. [doi: 10.1007/s11517-014-1186-2]
[Medline: 25192921]

Wong WY, Wong MS. Trunk posture monitoring with inertial sensors. Eur Spine J 2008 May;17(5):743-753 [EREE Full
text] [doi: 10.1007/s00586-008-0586-0] [Medline: 18196296]

Galan-Mercant A, Cuesta-Vargas Al. Differencesin trunk kinematic between frail and nonfrail elderly persons during turn
transition based on a smartphoneinertial sensor. Biomed Res Int 2013;2013 [FREE Full text] [doi: 10.1155/2013/279197]
[Medline: 24369530]

Russell TG, Jones AF. Implications of regulatory requirements for smartphones, gaming consoles and other devices. J
Physiother 2011;57(1):5-7 [FREE Full text] [doi: 10.1016/S1836-9553(11)70001-7] [Medline: 21402324]

Stewart A, Marfell-Jones M. International Standards for Anthropometric Assessment. In: International Society for the
Advancement of Kinanthropometry. New Zealand: Lower Hutt; 2011.

Cutti AG, Chadwick EK. Shoulder biomechanics and the success of tranglational research. Med Biol Eng Comput 2014
Mar;52(3):205-210. [doi: 10.1007/s11517-014-1143-0] [Medline: 24567068]

Jolles BM, Duc C, Coley B, Aminian K, Pichonnaz C, Bassin JP, et al. Objective evaluation of shoulder function using
body-fixed sensors: a new way to detect early treatment failures? J Shoulder Elbow Surg 2011 Oct;20(7):1074-1081. [doi:
10.1016/j.js2.2011.05.026] [Medline: 21925353]

Korver RJIP, Heyligers1C, Samijo SK, Grimm B. Inertia based functional scoring of the shoulder in clinical practice. Physiol
Meas 2014 Feb;35(2):167-176. [doi: 10.1088/0967-3334/35/2/167] [Medline: 24398361]

SteeleL, Lade H, McKenzie S, Russell TG. Assessment and Diagnosis of Muscul oskeletal Shoulder Disorders over the
Internet. Int J Telemed Appl 2012;2012:945745 [FREE Full text] [doi: 10.1155/2012/945745] [Medline: 23193395]
Robert-Lachaine X, Marion P, Godbout V, Bleau J, Begon M. Elucidating the scapulo-humeral rhythm calculation: 3D
joint contribution method. Comput M ethods Biomech Biomed Engin 2015;18(3):249-258. [doi:
10.1080/10255842.2013.792810] [Medline: 23654344]

Abbreviations

BMI: Body Mass Index
ROM: range of motion
3D: three-dimensional

Edited by G Eysenbach; submitted 04.12.14; peer-reviewed by G Kurillo, G Ferriero; comments to author 15.02.15; revised version
received 24.03.15; accepted 26.04.15; published 20.05.15

Please cite as:

Roldan-Jimenez C, Cuesta-Vargas A, Bennett P

Sudying Upper-Limb Kinematics Using Inertial Sensors Embedded in Mobile Phones
JMIR Rehabil Assist Technol 2015;2(1):e4

URL: http://rehab.jmir.org/2015/1/e4/

doi: 10.2196/rehab.4101

PMID: 28582241

http://rehab.jmir.org/2015/1/e4/ JMIR Rehabil Assist Technol 2015 |vol. 2 |iss. 1| e4|p. 9

RenderX

(page number not for citation purposes)


http://dx.doi.org/10.1016/j.clinbiomech.2008.12.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19200628&dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2011.12.015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22300730&dopt=Abstract
http://dx.doi.org/10.1080/03093640600983949
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17365886&dopt=Abstract
http://dx.doi.org/10.1007/s11517-007-0296-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18087742&dopt=Abstract
http://dx.doi.org/10.1007/s11517-013-1121-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24136689&dopt=Abstract
http://dx.doi.org/10.1007/s11517-014-1186-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25192921&dopt=Abstract
http://europepmc.org/abstract/MED/18196296
http://europepmc.org/abstract/MED/18196296
http://dx.doi.org/10.1007/s00586-008-0586-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18196296&dopt=Abstract
http://dx.doi.org/10.1155/2013/279197
http://dx.doi.org/10.1155/2013/279197
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24369530&dopt=Abstract
http://linkinghub.elsevier.com/retrieve/pii/S1836-9553(11)70001-7
http://dx.doi.org/10.1016/S1836-9553(11)70001-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21402324&dopt=Abstract
http://dx.doi.org/10.1007/s11517-014-1143-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24567068&dopt=Abstract
http://dx.doi.org/10.1016/j.jse.2011.05.026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21925353&dopt=Abstract
http://dx.doi.org/10.1088/0967-3334/35/2/167
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24398361&dopt=Abstract
http://dx.doi.org/10.1155/2012/945745
http://dx.doi.org/10.1155/2012/945745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23193395&dopt=Abstract
http://dx.doi.org/10.1080/10255842.2013.792810
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23654344&dopt=Abstract
http://rehab.jmir.org/2015/1/e4/
http://dx.doi.org/10.2196/rehab.4101
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28582241&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Roldan-Jimenez et &

©Cristina Roldan-Jimenez, Antonio Cuesta-Vargas, Paul Bennett. Originally published in IMIR Rehabilitation and Assistive
Technology (http://rehab.jmir.org), 20.05.2015. Thisisan open-access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0/), 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, alink to the original publication on http://rehab.jmir.org/, as well as this copyright and
license information must be included.

http://rehab.jmir.org/2015/1/e4/ JMIR Rehabil Assist Technol 2015 |vol. 2 |iss. 1| e4 | p. 10

(page number not for citation purposes)


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

