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Abstract
Background: The quantification of gait parameters in amputees facilitates the assessment of their performance with prosthetic
devices. These parameters often depend on measurements based on anatomical aspects that vary across different types of lower
limb amputations.
Objective: This study aimed to investigate body weight distribution, and gait symmetry, quality, and propulsion, as well as
pelvic kinematics in the amputee population.
Methods: The EcoWalk baropodometry platform was used to measure plantar pressure, and the G-Walk inertial sensor was
used for accelerometry measurements in 29 unilateral lower limb amputees.
Results: Values were estimated for each variable under analysis, and the findings were categorized by the level of amputation.
All variables exhibited normal distribution within each group under analysis , except for the symmetry index in above-knee
(AK) amputees (P=.03). Regarding the body weight distribution (P=.11), velocity (P≥.99), propulsion (P=.38), and quality
index (P=.10) of the amputated limb; no significant differences were observed between the AK and below-knee (BK)
amputees. The most significant deviation was noted in pelvic obliquity, which was greater in AK amputees compared to BK
amputees.
Conclusions: The values reported for the variables under analysis may enable the establishment of more precise reference
levels for the amputee population, thereby contributing to a more accurate diagnostic process and aiding prosthetic fitting.
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Introduction
Lower limb amputation causes drastic changes in basic
locomotion patterns [1]. Currently, these patterns are
analyzed using a wide variety of methods [2], with a focus
on different variables that describe their impact on gait
conditions and normal posture. Evaluating these conditions
is of paramount importance because restoring a normal gait
constitutes a key objective in the physical rehabilitation of

amputees. Moreover, such assessments may suggest various
modifications to prosthetic devices [3].

Notably, spatiotemporal, kinematic, and kinetic varia-
bles dominate several gait studies [3-5]. Among these,
the two-minute walking test (2MWT) is one of the most
commonly used tests for assessing amputees’ gait perform-
ance [6,7]. Nevertheless, given the particular gait conditions
of amputees, pivotal emphasis is placed on aspects such
as body weight distribution (BWD) and the propulsion,
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symmetry, and quality indices when analyzing gait parame-
ters.

BWD denotes how the body weight is supported by the
prosthetic device and sound limb in the orthostatic position
[1]. The indices, for their part, are related to gait parame-
ters. Specifically, the propulsion index describes individuals’
ability to push the center of mass forward during the single
support stance phase [8]. The symmetry index represents the
difference between the value (expressed as a percentage)
of the sound limb and that of the amputated limb in the
stance or swing phases [9]. Finally, the quality index, unlike
the symmetry index, expresses a characteristic of a single
extremity. It evaluates individuals’ ability to correctly divide
their own gait cycle between the sound and amputated limb
steps [10].

Although reference values for these variables exist for
healthy individuals, there are limited data reported for the
amputee population, except for the 2MWT. The reference
values for such tests have been provided considering different
amputation-related demographic characteristics, with, for
instance, a reported distance of around 140 m [11].

In healthy individuals, body weight is evenly distributed
between both lower limbs [12]. Nonetheless, this condition,
changes in lower limb amputees. In the case of unilateral
transfemoral amputees, a significant proportion of their
weight is transferred to the intact limb during most move-
ments [13]. In the case of transtibial amputees, Fontes et al
[1] reported that, during the early stages of rehabilitation, the
nonamputated limb supports up to 60% of the body weight.

Furthermore, walking patterns in healthy individuals are
symmetrical, deviating only slightly from the ideal values.
However, in a pathological gait, an asymmetry between the
lower limbs can be noticeably observed, which can have
serious implications for the health of the intact limb [14].
In a study involving transfemoral amputees, Winiaski et al
[9] used the symmetry index based on time measures and
vertical force and reported a difference between the two
lower limbs of less than 6% for normal gait. For transtibial
amputees, the absolute asymmetry index has been found to be
approximately 0.632 during knee flexion at loading response
[15]. In general, gait among individuals with transfemoral
amputation appears to be more asymmetric than among those
with transtibial amputation [3].

Importantly, all these reference values reported in the
literature for BWD and gait symmetry in amputees differ in
the way these variables were estimated and the anatomical
reference points. These variations make comparisons difficult,

as amputees contend with muscle absence, coupled with the
fact that they behave differently during standing and gait
depending on the level of amputation.

In this study, accelerometry was used to calculate different
indices based on generic gait parameters, which facilitate
making comparisons between populations with gait impair-
ments using reference values reported for healthy individuals.
Additionally, these acceleration data can be used to evaluate
pelvic kinematic patterns across different planes, providing
insights into pelvic tilt, obliquity, and rotation during the gait
cycle.

Given these considerations, this study aims to provide an
estimate of BWD based on pressure calculations between the
lower limbs during the standing position, pelvic kinematics,
and gait measurements in above-knee (AK) and below-knee
(BK) amputees. Notably, this analysis will be exclusively
based on the gait cycle duration in each limb for the entire
sample of amputees.

Methods
Recruitment
The study participants were 29 unilateral lower limb
amputees aged 18 to 59 years. Inclusion criteria required
participants to be independent walkers, capable of gait
without any external technical aids. Patients who had
undergone lower limb disarticulation and amputation surgery
within the preceding 12 months were excluded from the
study. The participants who met the inclusion criteria signed
the corresponding informed consent.

Among the 29 participants, 14 had AK amputations and
15 had BK amputations, with an even distribution in terms
of laterality and amputation level. The average age was 41.2
(SD 11.4) years, and the mean BMI was 25.3 (SD 4.5). On
average, participants lived with amputated limbs for 11.8 (SD
10.4) years and had prior experience using prosthetic devices.
Patient Instrumentation
Participants were instructed to stand on a plantar pressure
platform, starting at a fixed point with both feet placed
shoulder-width apart, and to hold this position for 60 seconds
(Figure 1A). Then, they were directed to walk back and forth
on a walking course as quickly as possible, without stopping,
for two minutes. For this activity, an inertial sensor was
placed on the participant’s back at the level of the S1 vertebra
(Figure 1B).
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Figure 1. Experimental setup for gait assessment. (A) Plantar pressure recording during static standing; (B) Inertial sensor placement at the S1 level
for dynamic gait analysis.

Data Acquisition
The 2MWT was performed using a stopwatch and distance
markers found in the facility. All equipment used for the
assessments belonged to the Laboratory of Biomechanics
and Rehabilitation of the Instituto Tecnológico Metropolitano
(ITM), located in Medellín, Colombia.

BWD was measured using the EcoWalk portable plantar
pressure platform (Ecosanit) with the EcoFoot software
(version 4.0). This device comprises a 480 × 480 mm active
matrix with 2304 sensors and an acquisition rate of 40 frames
per second [16]. The pressure exerted by each foot activates
the sensors, and the obtained data are used to calculate the
distribution of body weight on the legs. BWD is determined
as the difference between the weight distribution values of the
sound and amputated limb. An ideal BWD would represent a
difference tending towards 0% [12,17].

For the analysis of gait quality, the G-Walk inertial sensor
(BTS Bioengineering) was used, along with the G-Studio
software (version 3.2.25.0). This device operates wirelessly
via Bluetooth 3.0 (Class 1.5, with a range of up to 60 m). In
addition, it contains four sensors, each equipped with triaxial
elements such as: an accelerometer (frequency range: 4‐1000
Hz), a magnetometer (maximum frequency: 100 Hz), and
a gyroscope (frequency range: 4‐8000 Hz) [18]. The signal
was acquired, and variables including velocity, cadence, and
the overall symmetry index were calculated. Additionally,
each limb’s stride length, propulsion, and quality index were
estimated.

The symmetry index measures the difference between
the sound and amputated limbs during stance or swing
phases, with values between 75% and 100% indicating
high symmetry. It is calculated by analyzing the anteropos-
terior (AP) acceleration signals from both sides, computing
the mean normalized values, and determining the Pearson
correlation coefficient. This correlation is then mapped to a 0
to 100 scale, where higher values indicate greater symmetry
[18]. To calculate the symmetry index, the following formula
is used:

Symmetry index = ∑ APs − AP− s APa − AP− a∑ APs − AP− s 2∑ APa − AP− a 2 + 1 x1002
, whereAP is the anterior-posterior (AP) acceleration values for
the sound (s) or amputated (a) limb throughout the gait cycle.AP−  is the mean AP acceleration value for the sound (s)
or amputated (a) limb, respectively, representing the average
acceleration over the gait cycle for each limb.

The propulsion index, is computed based on the gradient
(in degrees) between the start and end of the monopodal
support phase on the AP acceleration graph for each limb
during gait [19]. The optimal value of this index is expected
to be higher than 5.5°; this parameter describes the patient’s
ability to fully accept body weight on a limb after the
deceleration phase and push the center of mass forward on
the opposite limb (acceleration phase). A higher propulsion
index denotes greater progression capacity of the participant
during the single-support phase.

First, the mean normalized AP acceleration signal is
obtained separately for the left and right sides (Figure 2).
Then, the single support start and single support end are
identified for the sound (s) and amputated (a) limb. A line
is traced between the acceleration values at these points, and
its slope is computed for both limbs. The propulsion index is
determined using the following formula:

Propulsion index = tan−1ΔaΔt
∆a represents the difference in AP acceleration between the
start and end of the single support phase for each limb and ∆t
represents the duration of this phase in seconds for each limb.
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Figure 2. Acceleration graphs of the sound limb (right) and amputated limb (left) during gait. AP: anteroposterior; SSEa: single-support end for
amputated limb; SSEs: single-support end for sound limb; SSSa: single-support start for amputated limb; SSSs: single-support start for sound limb.

Finally, the quality index is calculated by adding the absolute
percentage differences observed between the stance and
swing phases for each limb. Ideally, a value of 100 is attained
when the stance and swing phases of each limb correspond
exactly to 60% and 40%, respectively, of the entire gait cycle
[18]. It is calculated using the following expression:

Quality index =   Dstance− −  Dswing− − 20% − 100%
Dstance−  corresponds to the mean stance phase duration as a
percentage of the gait cycle, and Dswing−  corresponds to the
mean swing phase duration as a percentage of the gait cycle.
Statistical Analysis
The Shapiro–Wilk test was used to assess normality of
the data. For variables that met normality assumptions, the
Student t test was applied, whereas the Wilcoxon test was
used for those that did not. Data processing and figure
generation were performed using R studio software (version
6.0; R Foundation for Statistical Computing), and the level of
statistical significance for the entire study was set at α=.05.
Ethical Considerations
This study was approved by the Bioethics Committee of
the Universidad de Antioquia (approval record number
21-21-954; June 2, 2021) and conducted in accordance with
the Declaration of Helsinki. All participants provided written
informed consent prior to enrollment and were informed that
they could withdraw from the study at any time without

any consequences. All data collected were fully anony-
mized before analysis to ensure privacy and confidentiality.
No identifiable images or personal data were collected or
included in this publication or any supplementary materials.
No compensation—monetary or otherwise—was provided to
participants for their involvement in this study.

Results
Knee braces were the most commonly used prosthetic
suspension system among participants, followed by vacuum
systems and belts.

The estimated values for each variable under analysis
were divided by the level of amputation (Table 1, Figures
3 and 4). Table 1 shows the mean (SD) of the variables,
while the figures display the quartiles, data dispersion, and
confidence levels for normality and inferential tests. Also,
mean (SD) pelvic kinematics across the entire gait cycle are
shown in Figure 5. All variables exhibited normal distribution
within each group under analysis, except for the symme-
try index in AK amputees. No significant differences were
observed between AK and BK amputees for BWD, veloc-
ity, or the propulsion and quality indices of the amputated
limb. Although BK amputees exhibited a better BWD, with
a value closer to zero, the asymmetry between both limbs
still persisted in this group. Notably, weight loss as a result
of amputation was not uniform among most amputees, which
may have influenced these results.

Table 1. Distribution of variables between the two amputation groups.
Variables Amputation groups

AKa, mean (SD) BKb, mean (SD)
BWDc (%) 35.5 (24.4) 22.7 (15.4)
2MWTd (m) 59.0 (22.1) 85.8 (28.9)
Velocity (m/s) 0.98 (0.18) 0.98 (0.21)
Cadence (steps/min) 82.9 (10.0) 90.5 (10.2)
Symmetry index (%) 63.5 (14.7) 81.7 (15.1)
Propulsion (°)     
  Amputated limb 6.1 (2.5) 6.9 (2.0)
  Sound limb 3.4 (1.5) 5.8 (2.4)
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Variables Amputation groups

AKa, mean (SD) BKb, mean (SD)
Quality index (%)     
  Amputated limb 81.0 (14.6) 88.8 (8.1)
  Sound limb 80.4 (10.6) 91.6 (8.2)
Stride length (m)     
  Amputated limb 1.60 (0.39) 1.32 (0.17)
  Sound limb 1.60 (0.39) 1.32 (0.17)

aAK: above-knee.
bBK: below-knee.
cBWD: body weight distribution.
d2MWT: two-minute walking test.

Figure 3. (A) BWD is the absolute value of the difference in weight distribution, ideally close to zero (0%); (B) 2MWT measures the distance
covered in 2 minutes; a greater distance indicates better endurance and mobility; (C) Velocity refers to an individual’s walking speed, higher velocity
reflects better functional performance; (D) Cadence measures steps per minute, with higher values indicating better mobility; (E) Symmetry index
measures the difference between the sound and amputated limb, with 75% to 100% indicating high symmetry. *P<.05.
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Figure 4. (A) Propulsion index describes the ability to bear weight on one limb after deceleration and propel the body forward during acceleration,
with higher values reflecting better progression; (B) Quality index measures how balanced the stance and swing phases are during a step, with a
perfect score of 100 indicating an ideal distribution; (C) Stride length measures distance covered between two consecutive initial contacts of the same
foot during walking. Although influenced by anthropometry, stride length is typically between 1 and 2 meters. *P<.05.
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Figure 5. Pelvic kinematics. This figure illustrates pelvic motion in three planes: (A) pelvic tilt, which represents anterior and posterior movement;
(B) pelvic obliquity, indicating upward and downward tilting of the pelvis; (C) pelvic rotation, showing rotational movement around the vertical axis.
Each curve corresponds to the movement of a limb during gait, and the shaded area represents the standard deviation, indicating variability among
subjects. AK: above-knee; BK: below-knee.

The variables that exhibited significant differences across
the groups included 2MWT, stride length, cadence, and the
symmetry index, with AK amputees showing lower values,
except for stride length.

Similar stride length between the amputated and sound
limbs were reflected in kinematic behavior of the pelvis, as no
alterations in pelvic rotation were observed for either level of
amputation. Additionally, a lower SD was recorded through-
out the entire cycle, with no considerable variation from the
reference values for nonamputated individuals by Lewis et al
[20]. The largest SD was observed for pelvic obliquity, which
deviates from the trend observed in nonamputated individu-
als, with a reference range of 0°—5.6° [21]. This deviation
was found to be more pronounced for AK amputees and
lesser among BK amputees in the sound limb.

Regarding pelvic tilt, substantial alterations were observed
in AK amputees, who exhibited a more pronounced ante-
rior tilt throughout the cycle with an inverse relationship
between both limbs. For BK amputees, a more conventional
gait pattern with little difference between the amputated and
sound limb was observed, although a large SD remained high.

Discussion
Principal Results
This study revealed significant variations in pelvic kinemat-
ics based on the amputation level. Most amputees favored
their intact limb for weight-bearing. No major differences
in walking speed or propulsion indices were found between
AK and BK amputees; however, the AK amputees had
lower scores in the 2MWT, cadence, symmetry index, and
stride length, along with greater deviations in pelvic tilt and
obliquity compared to nonamputated individuals. Accurate
reference values for BWD, gait symmetry, and pelvic
kinematics are crucial for improving diagnostic precision
and customizing prosthetic solutions, given the variability in
amputation conditions.

Comparison With Prior Work
Regarding BWD, BK amputees showed better performance
than AK amputees; however, both groups still exhibited
asymmetry in weight-bearing between the prosthetic and
sound limb. This may be attributed to the fact that most
amputees tended to load the intact limb more heavily, than
the amputated limb, regardless of the level of amputation.
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Asymmetrical BWD between sound and amputated limb was
also reported by Fontes et al [1]. Factors such as pain,
discomfort, and insecurity have been suggested as potential
contributors to body weight asymmetry; however, it is worth
noting that the patients participating in this study did not
explicitly report such conditions. Nevertheless, we cannot
rule them out at a subconscious level.

Conversely, discrepancies in the 2MWT, cadence,
symmetry index and stride length findings may be attributed
to the fact that the presence of the knee joint in BK amputees
is related to proprioception and the placement of the center
of gravity, leading to reduced energy expenditure during
walking. This allows BK amputees to cover longer distan-
ces and take more steps per minute, contributing to a more
adequate symmetry [22]. Additionally, a longer residual limb
provides improved suspension and a greater lever arm for
prosthetic control. Preserving the entire femur also enables
the amputees to bear all their weight on the distal end of their
amputated limb [23].

Regarding velocity, the obtained values closely align with
those reported in the literature for amputees, ranging from
0.5 to 0.99 m/s [24,25], which is not far from the range for
nonamputated individuals, which lies between 1.2 and 1.4 m/s
[25] .

No significant difference in propulsion and quality indices
could be explained by the compensatory adjustments made
during the gait cycle; for example, the support time using the
prosthetic device is shortened when compared to established
values [26].

Moreover, the observed asymmetric gait differences
confirm that lower limb amputees often exhibit asymmetrical
gait patterns, which could lead to long-term health prob-
lems and ultimately affect their quality of life [27]. Sym-
metry measurement could provide clinically useful means
of reliably capturing lower extremity motion asymmetries
that are not evident while using typical temporal-spatial
gait parameters or not easily quantifiable during physician
observation [27].

Amputees tend to maximize the capabilities of the sound
limb in order to counteract the limitations of the pros-
thetic device. However, these compensatory mechanisms can
have serious consequences that could lead to new physi-
cal disabilities [28]. Investigating these strategies in depth
presents an interesting avenue for research.

With respect to the shorter stride length observed in BK
amputees, it could be linked to the type of suspension used.
In this study, all BK amputees used a knee brace, while the
majority of AK amputees used an atmospheric suspension
system, which directly influences gait stability and, conse-
quently, results in an increased stride length during walking
[29].

Changes in pelvic kinematics may be attributed to
compensatory adjustments of different prosthetic components.
Particularly, pelvic tilt might be influenced by stability
in re-establishing the center of gravity, and pelvic obliq-
uity could be influenced by prosthetic adjustments such as
suspension system or prosthesis length [30].
Limitations
This study has several limitations. The sample size was
relatively small, which may impact the generalizability
of the findings. The study focused on a specific demo-
graphic, potentially limiting broader applicability. Measure-
ment techniques had constraints that may introduce potential
errors. Regarding velocity, participants were instructed to
walk at a self-determined pace in a controlled environment,
which could have influenced the outcomes.
Conclusions
The differences in gait variables among amputees highlight
the need for tailored approaches based on the amputation
level. Symmetry and quality indices facilitate comparisons
and can be applied to other populations with gait disorders.
The values reported in this study provide reference levels that
support diagnosis and prosthetic fitting. The increasing use of
inertial sensors and pressure platforms reinforces their role as
accessible clinical tools outside specialized gait laboratories.

Acknowledgments
The article processing fees (APF) were funded by the project “Plan de mejoramiento Grupo de Investigación e Innovación
Biomédica 2024–‐2025”(PF24209).
We would like to thank the ITM Translation Agency (traducciones@itm.edu.co) for their assistance in editing the manuscript.
LMGH was affiliated with the Grupo de Investigación e Innovación Biomédica GI2B, Facultad de Ciencias Exactas y
Aplicadas at the Instituto Tecnológico Metropolitano and is currently affiliated with Escuela de Ingeniería, Arquitectura y
Diseño at the Universidad Tecnológica de Bolívar.
Authors’ Contributions
Conceptualization: NOM, LMGH, CVB
Data curation: MMM
Formal analysis: NOM, LMGH, CVB, ICSC
Methodology: NOM, LMGH
Project administration: NOM
Supervision: NOM
Visualization: LMGH, NOM
Writing – original draft: NOM, LMGH, CVB, ICSC
Writing – review & editing: NOM, CVB

JMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES Olaya Mira et al

https://rehab.jmir.org/2025/1/e67022 JMIR Rehabil Assist Technol 2025 | vol. 12 | e67022 | p. 8
(page number not for citation purposes)

https://rehab.jmir.org/2025/1/e67022


Conflicts of Interest
None declared.
References
1. Fontes CH da S Filho, Laett CT, Gavilão UF, et al. Bodyweight distribution between limbs, muscle strength, and

proprioception in traumatic transtibial amputees: a cross-sectional study. Clinics (Sao Paulo). 2021;76:e2486. [doi: 10.
6061/clinics/2021/e2486]

2. Klöpfer-Krämer I, Brand A, Wackerle H, Müßig J, Kröger I, Augat P. Gait analysis - Available platforms for outcome
assessment. Injury. May 2020;51 Suppl 2:S90-S96. [doi: 10.1016/j.injury.2019.11.011] [Medline: 31767371]

3. Varrecchia T, Serrao M, Rinaldi M, et al. Common and specific gait patterns in people with varying anatomical levels of
lower limb amputation and different prosthetic components. Hum Mov Sci. Aug 2019;66:9-21. [doi: 10.1016/j.humov.
2019.03.008] [Medline: 30889496]

4. Cutti AG, Verni G, Migliore GL, Amoresano A, Raggi M. Reference values for gait temporal and loading symmetry of
lower-limb amputees can help in refocusing rehabilitation targets. J Neuroeng Rehabil. Sep 5, 2018;15(Suppl 1):61. [doi:
10.1186/s12984-018-0403-x] [Medline: 30255808]

5. Rathor R, Kumar Singh A, Choudhary H, Goswami C, Fekete G. A systematic review on gait analysis methods and
assistive devices in lower limb prosthetics. Mater Today. 2021;44:4251-4255. [doi: 10.1016/j.matpr.2020.10.541]

6. Frlan-Vrgoc L, Vrbanić TSL, Kraguljac D, Kovacević M. Functional outcome assessment of lower limb amputees and
prosthetic users with a 2-minute walk test. Coll Antropol. Dec 2011;35(4):1215-1218. [Medline: 22397262]

7. Spaan MH, Vrieling AH, van de Berg P, Dijkstra PU, van Keeken HG. Predicting mobility outcome in lower limb
amputees with motor ability tests used in early rehabilitation. Prosthet Orthot Int. Apr 2017;41(2):171-177. [doi: 10.
1177/0309364616670397] [Medline: 27770064]

8. Bernardini M, Quarto G, Del Sole D, Bernardini E. Influences of postural alterations on the hemodynamic of the gait in
patients with saphenous incompetence. A preliminary study. Ann Ital Chir. 2019;90:545-550. [Medline: 31929174]

9. Winiarski S, Rutkowska-Kucharska A, Kowal M. Symmetry function as a new tool for evaluating the symmetry of gait
in transfemoral amputees. Gait Posture. Oct 2021;90:9-15. [doi: 10.1016/j.gaitpost.2021.07.021]

10. WALK evaluación de la coordinación muscular durante la marcha. BTS Bioengineering. 2020. URL: www.
btsbioengineering.com [Accessed 2025-07-14]

11. Gaunaurd I, Kristal A, Horn A, et al. The utility of the 2-minute walk test as a measure of mobility in people with lower
limb amputation. Arch Phys Med Rehabil. Jul 2020;101(7):1183-1189. [doi: 10.1016/j.apmr.2020.03.007] [Medline:
32272105]

12. Duclos N, Duclos C, Mesure S. Control postural: fisiología, conceptos principales e implicaciones para la readaptación
[Article in Spanish]. EMC - Kinesiterapia - Medicina Física. Apr 2017;38(2):1-9. [doi: 10.1016/S1293-2965(17)83662-
8]

13. Simon AM, Fey NP, Ingraham KA, Finucane SB, Halsne EG, Hargrove LJ. Improved weight-bearing symmetry for
transfemoral amputees during standing up and sitting down with a powered knee-ankle prosthesis. Arch Phys Med
Rehabil. Jul 2016;97(7):1100-1106. [doi: 10.1016/j.apmr.2015.11.006] [Medline: 26686876]

14. Brandt A, Huang HH. Effects of extended stance time on a powered knee prosthesis and gait symmetry on the lateral
control of balance during walking in individuals with unilateral amputation. J Neuroeng Rehabil. Nov 29,
2019;16(1):151. [doi: 10.1186/s12984-019-0625-6] [Medline: 31783759]

15. Chow DHK, Holmes AD, Lee CKL, Sin SW. The effect of prosthesis alignment on the symmetry of gait in subjects with
unilateral transtibial amputation. Prosthet Orthot Int. Aug 2006;30(2):114-128. [doi: 10.1080/03093640600568617]
[Medline: 16990222]

16. Zequera M, Perdomo O, Wilches C, Vizcaya P. Pilot study: assessing repeatability of the EcoWalk platform resistive
pressure sensors to measure plantar pressure during barefoot standing. J Phys: Conf Ser. Jun 26, 2013;450:012029. [doi:
10.1088/1742-6596/450/1/012029]

17. Caballero C, Barbado D, Moreno FJ. El procesado del desplazamiento del centro de presiones para el estudio de la
relación complejidad/rendimiento observada en el control postural en bipedestación [Article in Spanish]. Revista
Andaluza de Medicina del Deporte. Sep 2013;6(3):101-107. [doi: 10.1016/S1888-7546(13)70043-1]

18. Izzo R, Bertoni M, Cejudo A, Giovannelli M, Varde’I CH. The global symmetry index, symmetry index, quality index
and kinematics of the gait cycle with the synchronized contribution of the latest generation magnetic-inertial and
electromyographic technology. Practical surveys and planning hypotheses for the revision of gesture. JPES. May
2022;22(5):1258-1270. [doi: 10.7752/jpes.2022.05158]

19. Błażkiewicz M, Wiszomirska I, Wit A. Comparison of four methods of calculating the symmetry of spatial-temporal
parameters of gait. Acta Bioeng Biomech. 2014;16(1):29-35. [doi: 10.5277/ABB140104] [Medline: 24708092]

JMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES Olaya Mira et al

https://rehab.jmir.org/2025/1/e67022 JMIR Rehabil Assist Technol 2025 | vol. 12 | e67022 | p. 9
(page number not for citation purposes)

https://doi.org/10.6061/clinics/2021/e2486
https://doi.org/10.6061/clinics/2021/e2486
https://doi.org/10.1016/j.injury.2019.11.011
http://www.ncbi.nlm.nih.gov/pubmed/31767371
https://doi.org/10.1016/j.humov.2019.03.008
https://doi.org/10.1016/j.humov.2019.03.008
http://www.ncbi.nlm.nih.gov/pubmed/30889496
https://doi.org/10.1186/s12984-018-0403-x
http://www.ncbi.nlm.nih.gov/pubmed/30255808
https://doi.org/10.1016/j.matpr.2020.10.541
http://www.ncbi.nlm.nih.gov/pubmed/22397262
https://doi.org/10.1177/0309364616670397
https://doi.org/10.1177/0309364616670397
http://www.ncbi.nlm.nih.gov/pubmed/27770064
http://www.ncbi.nlm.nih.gov/pubmed/31929174
https://doi.org/10.1016/j.gaitpost.2021.07.021
https://doi.org/10.1016/j.apmr.2020.03.007
http://www.ncbi.nlm.nih.gov/pubmed/32272105
https://doi.org/10.1016/S1293-2965(17)83662-8
https://doi.org/10.1016/S1293-2965(17)83662-8
https://doi.org/10.1016/j.apmr.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/26686876
https://doi.org/10.1186/s12984-019-0625-6
http://www.ncbi.nlm.nih.gov/pubmed/31783759
https://doi.org/10.1080/03093640600568617
http://www.ncbi.nlm.nih.gov/pubmed/16990222
https://doi.org/10.1088/1742-6596/450/1/012029
https://doi.org/10.1016/S1888-7546(13)70043-1
https://doi.org/10.7752/jpes.2022.05158
https://doi.org/10.5277/ABB140104
http://www.ncbi.nlm.nih.gov/pubmed/24708092
https://rehab.jmir.org/2025/1/e67022


20. Lewis CL, Laudicina NM, Khuu A, Loverro KL. The human pelvis: variation in structure and function during gait. Anat
Rec (Hoboken). Apr 2017;300(4):633-642. [doi: 10.1002/ar.23552] [Medline: 28297184]

21. Moharrami A, Mirghaderi P, Hoseini Zare N, Moazen-Jamshidi MM, Ebrahimian M, Mortazavi SMJ. Slight pelvic
obliquity is normal in a healthy population: a cross-sectional study. J Exp Orthop. May 31, 2023;10(1):57. [doi: 10.1186/
s40634-023-00613-z] [Medline: 37254005]

22. Ettema S, Kal E, Houdijk H. General estimates of the energy cost of walking in people with different levels and causes
of lower-limb amputation: a systematic review and meta-analysis. Prosthet Orthot Int. Oct 1, 2021;45(5):417-427. [doi:
10.1097/PXR.0000000000000035] [Medline: 34538817]

23. María José Espinoza V, Daniela García S. Niveles de amputación en extremidades inferiores: repercusión en el futuro del
paciente. Revista Médica Clínica Las Condes. Mar 2014;25(2):276-280. [doi: 10.1016/S0716-8640(14)70038-0]

24. Esquenazi A. Gait analysis in lower-limb amputation and prosthetic rehabilitation. Phys Med Rehabil Clin N Am. Feb
2014;25(1):153-167. [doi: 10.1016/j.pmr.2013.09.006] [Medline: 24287245]

25. Chui KK, Jorge M, Yen SC, Lusardi M. Orthotics and Prosthetics in Rehabilitation. 4th ed. Elsevier; 2020. ISBN:
9780323610186

26. Sagawa Y, Turcot K, Armand S, Thevenon A, Vuillerme N, Watelain E. Biomechanics and physiological parameters
during gait in lower-limb amputees: a systematic review. Gait Posture. Apr 2011;33(4):511-526. [doi: 10.1016/j.gaitpost.
2011.02.003] [Medline: 21392998]

27. Clemens S, Kim KJ, Gailey R, Kirk-Sanchez N, Kristal A, Gaunaurd I. Inertial sensor-based measures of gait symmetry
and repeatability in people with unilateral lower limb amputation. Clin Biomech (Bristol). Feb 2020;72:102-107. [doi:
10.1016/j.clinbiomech.2019.12.007] [Medline: 31862603]

28. Ochoa-Diaz C, Padilha L Bó A. Symmetry analysis of amputee gait based on body center of mass trajectory and discrete
fourier transform. Sensors (Basel). Apr 23, 2020;20(8):2392. [doi: 10.3390/s20082392] [Medline: 32340117]

29. Eshraghi A, Abu Osman NA, Karimi M, Gholizadeh H, Soodmand E, Wan Abas WAB. Gait biomechanics of
individuals with transtibial amputation: effect of suspension system. PLoS One. 2014;9(5):e96988. [doi: 10.1371/journal.
pone.0096988] [Medline: 24865351]

30. Kishner S, Laborde JM. Lower-Extremity Amputations. Medscape. 2023. URL: https://emedicine.medscape.com/article/
1237638-overview [Accessed 2023-08-08]

Abbreviations
2MWT: two-minute walking test
AK: above-knee
AP: anteroposterior
BK: below-knee
BWD: body weight distribution

Edited by Alessandro Scano; peer-reviewed by Chang-Yong Ko, Jason Shih Hoellwarth; submitted 01.10.2024; final revised
version received 11.04.2025; accepted 30.04.2025; published 29.07.2025

Please cite as:
Olaya Mira N, Gómez Hernández LM, Viloria Barragán C, Monsalve Montes M, Soto Cardona IC
Biomechanical and Kinematic Gait Analysis in Lower Limb Amputees: Cross-Sectional Study
JMIR Rehabil Assist Technol 2025;12:e67022
URL: https://rehab.jmir.org/2025/1/e67022
doi: 10.2196/67022

© Natali Olaya Mira, Luz Marina Gómez Hernández, Carolina Viloria Barragán, Manuela Monsalve Montes, Isabel Cristina
Soto Cardona. Originally published in JMIR Rehabilitation and Assistive Technology (https://rehab.jmir.org), 29.07.2025.
This is an open-access article distributed under the terms of the Creative Commons Attribution License (https://creative-
commons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work, first published in JMIR Rehabilitation and Assistive Technology, is properly cited. The complete bibliographic
information, a link to the original publication on https://rehab.jmir.org/, as well as this copyright and license information must
be included.

JMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES Olaya Mira et al

https://rehab.jmir.org/2025/1/e67022 JMIR Rehabil Assist Technol 2025 | vol. 12 | e67022 | p. 10
(page number not for citation purposes)

https://doi.org/10.1002/ar.23552
http://www.ncbi.nlm.nih.gov/pubmed/28297184
https://doi.org/10.1186/s40634-023-00613-z
https://doi.org/10.1186/s40634-023-00613-z
http://www.ncbi.nlm.nih.gov/pubmed/37254005
https://doi.org/10.1097/PXR.0000000000000035
http://www.ncbi.nlm.nih.gov/pubmed/34538817
https://doi.org/10.1016/S0716-8640(14)70038-0
https://doi.org/10.1016/j.pmr.2013.09.006
http://www.ncbi.nlm.nih.gov/pubmed/24287245
https://doi.org/10.1016/j.gaitpost.2011.02.003
https://doi.org/10.1016/j.gaitpost.2011.02.003
http://www.ncbi.nlm.nih.gov/pubmed/21392998
https://doi.org/10.1016/j.clinbiomech.2019.12.007
http://www.ncbi.nlm.nih.gov/pubmed/31862603
https://doi.org/10.3390/s20082392
http://www.ncbi.nlm.nih.gov/pubmed/32340117
https://doi.org/10.1371/journal.pone.0096988
https://doi.org/10.1371/journal.pone.0096988
http://www.ncbi.nlm.nih.gov/pubmed/24865351
https://emedicine.medscape.com/article/1237638-overview
https://emedicine.medscape.com/article/1237638-overview
https://rehab.jmir.org/2025/1/e67022
https://doi.org/10.2196/67022
https://rehab.jmir.org
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://rehab.jmir.org/
https://rehab.jmir.org/2025/1/e67022

	Biomechanical and Kinematic Gait Analysis in Lower Limb Amputees: Cross-Sectional Study
	Introduction
	Methods
	Recruitment
	Patient Instrumentation
	Data Acquisition
	Statistical Analysis
	Ethical Considerations

	Results
	Discussion
	Principal Results
	Comparison With Prior Work
	Limitations
	Conclusions



