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Abstract

Background: Prosthetic foot design continues to evolve to better address the functional
needs and daily challenges of individuals with lower limb loss. Energy-Storing and Return-
ing (ESAR) feet are widely prescribed for individuals with transtibial amputation; however,
many users continue to report limitations. A novel prosthetic foot incorporates a pivot
mechanism intended to enhance ankle motion and support a more natural gait. Objectives:
We aimed to compare mobility, comfort, quality of life, and user satisfaction between a novel
prosthetic foot and commonly prescribed ESAR feet in adults with unilateral transtibial
amputation with unmet mobility needs. Methods: A prospective, multicenter, randomized
cross-over trial was conducted across seven rehabilitation centers in France. Thirty adults
with unilateral transtibial amputation, all regular ESAR users, were randomized to one of
two sequences: their prescribed ESAR foot followed by the novel foot, or the reverse. Each
device was worn for four weeks. The primary outcome was mobility assessed using the
Prosthetic Limb Users Survey of Mobility (PLUS-M) T-score. Data were analyzed using
linear mixed-effects models. Secondary outcomes included comfort, quality of life, satisfac-
tion, falls, participant preference, and adverse events. Results: All participants completed
the study. Mobility scores were significantly higher with the novel foot compared to the
prescribed ESAR foot (least squares mean PLUS-M/FC-12 T-score: 60.2 vs. 52.3; difference
7.9; p < 0.001). Participants reported greater comfort, improved quality of life (LS mean dif-
ference 5.7; p = 0.001), and higher satisfaction with the novel prosthesis (LS mean difference
0.4; p = 0.002). No falls occurred with the novel foot, compared with three falls with the
ESAR foot. Most participants (96.7%) preferred the novel foot. No device-related adverse
events were reported. Conclusions: In adults with unilateral transtibial amputation, the
novel pivot foot was associated with improvements in mobility, comfort, quality of life, and
satisfaction compared to commonly prescribed ESAR feet, supporting its potential benefits
for individuals with higher mobility demands.

Keywords: transtibial amputation; prosthetic foot; PRO-FLEX PIVOT; ESAR; mobility;
PLUS-M/FC 12; quality of life; randomized trial; user satisfaction; comfort
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1. Introduction
Lower limb amputation, particularly transtibial amputation (TTA), is a life-altering

event that significantly impacts mobility, independence, and overall quality of life [1].
Individuals with TTA face substantial biomechanical and functional challenges due to the
loss of the ankle–foot complex, which plays a critical role in shock absorption, stability, and
forward propulsion during gait [2]. The biological ankle contributes a large proportion of
positive mechanical work during late stance through active plantarflexor musculature. Its
absence alters lower-limb kinematics and kinetics, resulting in reduced distal push-off and
compensatory redistribution of mechanical work toward proximal joints [3,4].

Consequently, individuals with TTA demonstrate increased metabolic energy expen-
diture during walking, reported to be approximately 10–30% higher than in unimpaired
individuals [5]. To compensate, they often adopt strategies such as increased reliance on
proximal joints, asymmetric gait patterns, and altered spatiotemporal parameters [6,7].
While functionally necessary, these adaptations can increase joint loading on the intact
limb, thereby elevating the risk of secondary musculoskeletal conditions, including knee
osteoarthritis, hip pain, and low-back disorders [8,9]. These findings underscore the impor-
tance of prosthetic ankle–foot designs that restore functional ankle behavior, reduce gait
asymmetry, and minimize metabolic cost.

Among prosthetic components, the foot plays a central role in mobility outcomes and
user satisfaction. Conventional feet, such as the solid ankle cushion heel (SACH) foot,
provide structural support and shock absorption but do not store or return energy, limiting
assistance during late stance and push-off [10]. In contrast, Energy-Storing and Returning
(ESAR) feet incorporate elastic elements, typically carbon fiber, to store energy during
stance and return it at push-off, more closely replicating biological ankle function [10,11].
Clinical studies show that ESAR feet can improve step length symmetry, increase push-off
work, and enhance center-of-mass progression compared with non-dynamic feet [12,13].
They also preserve gait stability, which may explain user preference over conventional
designs [12]. ESAR feet are typically recommended for higher-functioning individuals
who ambulate outdoors, navigate uneven terrain, or engage in vocational and recreational
activities [10,11]. Positive work output remains substantially lower than that of the intact
limb and, as with all passive ESAR prosthetic feet, cannot exceed the energy stored during
loading, reflecting their inherent limitation to generate net positive work [10,11].

Despite technological advancements, some users often report persistent limitations,
including perceived instability on slopes and stairs [14], increased fatigue during prolonged
walking, and reduced confidence in daily activities [15]. Given that mobility is a key
determinant of quality-of-life following lower limb amputation [16], these challenges
highlight a critical gap between the capabilities of passive ESAR designs and the demands
of real-world mobility.

Recent innovations have focused on enhancing energy return, ankle range of motion,
and adaptability without compromising stability. Hydraulic ankle–foot systems, which
use passive fluid-controlled mechanisms to increase ankle range of motion, have been
associated with improvements in selected biomechanical outcomes compared with ESAR
feet, including minimum toe clearance [17–19] as well as improved performance in most
activities of daily living [20]. More recently, microprocessor-controlled ankle–foot prosthe-
ses represent a further technological advancement, combining ankle motion, adaptative
resistance, and, in some designs, active push-off with the ability to generate net positive
work [21]. In a large retrospective analysis of real-world clinical data, Wurdeman et al.
reported improved mobility outcomes, as measured by the Prosthetic Limb Users Survey
of Mobility (PLUS-M), in users of microprocessor-controlled ankle–foot systems compared
with other prosthetic foot categories, after adjustment for key clinical and demographic fac-
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tors [22]. While these devices have demonstrated improvements in selected biomechanical
outcomes compared with traditional ESAR feet, their complexity, cost, and maintenance
requirements may limit widespread adoption. Moreover, robust clinical evidence for
improvements in user-reported outcomes remains limited.

Consequently, there remains a need for prosthetic solutions that enhance ankle function
and dynamic response while retaining the simplicity and reliability of traditional ESAR
feet. In response to these challenges, a novel prosthetic ESAR foot has been developed
that incorporates a multi-blade carbon fiber structure with a mechanical pivot mechanism,
resulting in a mechanically articulated ankle–foot system.

By incorporating multiple axes of rotation and optimized blade geometry, it aims
to provide a more physiological gait and improved dynamic response than conventional
ESAR feet [23–25]. Preliminary biomechanical data suggest improvements in ankle power,
range of motion, and contralateral limb loading [26]; however evidence of actual benefits
for the user remains limited.

Few rigorous studies have compared advanced ESAR feet with a novel pivot-
mechanism prosthetic foot in representative transtibial populations, without the use of
clinical outcome measures [27,28]. Given the importance of user-centered outcomes, such
as mobility, comfort, quality of life, satisfaction, falls, and adverse events, well-designed
clinical trials are needed to determine whether these innovations translate into meaningful
functional benefits. Accordingly, this study was designed as a prospective, multicenter,
randomized crossover trial to compare a novel pivot-mechanism foot with contemporary
ESAR feet. The primary hypothesis was that the novel foot would yield superior improve-
ments in mobility, assessed using the Prosthetic Limb Users Survey of Mobility (PLUS-M)
Functional Capacity 12 (FC-12) T-score, a patient-centered measure that reflects functional
benefits observed in previous biomechanical studies, with secondary objectives including
comfort, quality of life, satisfaction, falls, and adverse events.

2. Materials and Methods
A randomized, cross-over clinical investigation was conducted to evaluate the effects

of a novel prosthetic foot compared with participants prescribed ESAR foot. In this two-
period cross-over design, participants were randomly assigned to start with either their
prescribed ESAR foot or the novel foot, followed by crossover to the other device after four
weeks. Each participant served as their own control to minimize individual differences and
enhance statistical power. The study was conducted between October 2023 and May 2025
across seven rehabilitation centers in France to support a reimbursement application. This
trial was retrospectively registered at ClinicalTrials.gov (NCT06627361) in September 2024.
The delay in registration occurred because the investigation was initiated as part of a post-
market evidence generation program intended to support a reimbursement submission, and
prospective registration was not identified as a requirement at study initiation. Registration
was subsequently completed to ensure transparency, and the protocol, endpoints, and
analysis plan remained unchanged.

Eligible participants were adults (≥18 years old) with unilateral transtibial amputation,
who had been using a high-activity ESAR foot (designed for K3/K4 activity level) for at least
six months and ≥8 h per day. Inclusion criteria required a normalized PLUS-M/FC 12 T-
score < 50 for vascular amputees or <55 for traumatic and other causes, and adequate socket
comfort (Socket Comfort Score ≥ 6) [29]. These PLUS-M/FC 12 thresholds were based on
the median T-scores reported in the development sample of transtibial amputation patients
of vascular and traumatic origin, respectively [30], for a population selection strategy
based on distributional values. Participants were also required to demonstrate functional
mobility consistent with community ambulation, defined as the ability or need to ambulate
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beyond the home environment, including mobility within buildings other than the home,
mobility outside the home and other buildings, and travel to various community locations,
in accordance with the International Classification of Functioning, Disability and Health
domains d4601, d4602, and d4608. These criteria were intended to enroll participants who
have unmet mobility needs and may benefit from the novel foot.

Exclusion criteria included bilateral or transfemoral amputation, use of a temporary
prosthesis, planned prosthetic changes, progressive conditions affecting mobility or study
follow-up, osseointegration, lack of consent, legal protection status, lack of health insurance,
or inability to understand study instructions.

Participants were randomized in a 1:1 ratio to one of two sequences: (1) prescribed
ESAR foot followed by the novel foot, or (2) novel foot followed by the prescribed ESAR
foot. Allocation was determined by a computer-generated randomization schedule with
permuted blocks of six and implemented through a centralized web-based system (Clean-
Web) after informed consent and completion of baseline assessments. Allocation remained
concealed until assignment. Standardized fitting procedures and alignments were per-
formed by certified prosthetists at all centers at the start of each period. The investigational
device was the PRO-FLEX PIVOT ® (Össur Iceland ehf., Reykjavik, Iceland) (see Figure 1).

Figure 1. Novel foot: PRO-FLEX PIVOT® (Össur Iceland ehf., Reykjavik, Iceland), a mechanically
articulated ankle–foot system combining carbon-fiber blades with an articulated ankle joint.

The primary endpoint was mobility, assessed using the 12-item Prosthetic Limb Users
Survey of Mobility (PLUS-M/FC-12) T-score, a validated measure of self-reported mobility
across a range of activities [31–33]. Secondary endpoints included prosthesis comfort
(numeric rating scale for overall prosthesis comfort and for comfort during specific walking
conditions such as level ground, slopes, and stairs), quality of life (using the quality-
of-life module of the Orthotics and Prosthetics Users’ Survey, OPUS) [34], satisfaction
with the prosthetic foot (ESAT—Évaluation de la Satisfaction envers une Aide Technique
(French version of the QUEST 2.0 [35,36]) comprising device- and service-related satisfaction
domains rated on a 5-point Likert scale), falls, participant preference, and adverse events.

Outcome measures were collected at baseline and at the end of each four-week period.
Participants were instructed to maintain their usual activity level and report any changes
in health status or prosthesis use.

The primary analysis was performed on the full analysis set (FAS), including all
participants who completed both periods with available outcome data. PLUS-M/FC-12
T-scores were analyzed using a linear mixed-effects model to account for repeated measures
within participants. The model included fixed effects for treatment, period, sequence and
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study centre, and a random intercept for subject nested within sequence. Models were
fitted using Restricted Maximum Likelihood (REML), assuming a variance components
covariance structure, and degrees of freedom were estimated using the containment method.
Sensitivity analyses were performed to assess the robustness of the primary findings,
including analysis on the full analysis set (FAS) and per-protocol (PP) populations, using
Wilcoxon signed-rank tests, as well as the primary model with missing data imputed from
the other foot in the event of missing data. Secondary endpoints were analyzed using
parametric or non-parametric tests according to data distribution.

A sample size of 30 participants provided 90% power to detect a between-device
difference of 6.3 in the primary endpoint, based on a minimum detectable change (MDC90)
of 4.5 points, a pre-specified moderate-to-large standardized effect size of 0.7, and an
assumed standard deviation of 9, accounting for a 20% drop-out rate [30]. Statistical
significance was set at p ≤ 0.05, with 95% confidence intervals.

All participants provided written informed consent. Data confidentiality was main-
tained in accordance with French and European regulations, and all adverse events were
monitored and reported according to established guidelines.

3. Results
A total of 30 participants were enrolled, randomized, and completed the study (see

Table 1). Seventeen were assigned to the sequence starting with their prescribed ESAR foot,
while thirteen began with the novel foot (see Figure 2). The majority were male (83.3%), with
a mean time since amputation of 15.5 ± 16.6 years. Most amputations were traumatic (70%).
Participants had been using a prosthesis for an average of 15.2 ± 16.4 years and were all
regular ESAR foot users. Only 36.7% were professionally active, 56.7% had relevant medical
histories, and 46.7% were receiving at least one associated treatment. No withdrawals
or losses to follow-up occurred. The Full Analysis Set (FAS) population included all
30 participants. One participant did not meet the predefined compliance criterion for daily
prosthesis wear time, constituting a major protocol deviation, and was therefore excluded
from the PP population. Consequently, the PP population comprised 29 participants.
This participant remained included in the FAS analyses and was excluded only from
the pre-specified PP analysis of the primary endpoint. No missing observations were
recorded for the primary or secondary endpoint, and no data imputation was performed.
Two participants underwent prosthetic modifications during the study. In one participant,
the prosthetic foot category was downgraded during the second period with the novel
foot, as the initially selected foot was considered too dynamic. The category was changed
from 6 to 5 to reduce energy return and push-off. The second participant underwent a
modification of the suspension system, involving a change in both the liner and the valve.

Table 1. Participant demographics, amputation characteristics, and prosthetic details.

Demographic Novel Foot →
Prescribed Foot (N = 13)

Prescribed Foot →
Novel Foot (N = 17)

Total
(N = 30)

Gender, n (%)
Male 12 (92.3%) 13 (76.5%) 25 (83.3%)

Female 1 (7.7%) 4 (23.5%) 5 (16.7%)

Age, years
Mean (SD) [min–max]

57.0 (13.0)
[28.0–70.0]

55.3 (17.1)
[23.0–76.0]

56.0 (15.2)
[23.0–76.0]

Body Mass Index, kg/m2

Mean (SD) [min–max]
26.7 (3.3)

[22.0–33.4]
27.0 (6.2)

[15.4–38.3]
26.9 (5.1)

[15.4–38.3]

Time since amputation, years
Mean (SD) [min–max]

13.5 (14.5)
[1.0–46.0]

17.1 (18.3)
[1.0–58.0]

15.5 (16.6)
[1–58.0]
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Table 1. Cont.

Demographic Novel Foot →
Prescribed Foot (N = 13)

Prescribed Foot →
Novel Foot (N = 17)

Total
(N = 30)

Cause of amputation, n (%)
Traumatic 10 (76.9%) 11 (64.7%) 21 (70.0%)
Vascular 3 (23.1%) 3 (17.6%) 6 (20.0%)

Congenital - 1 (5.9%) 1 (3.3%)
Other - 1 (5.9%) 1 (3.3%)

Infection - 1 (5.9%) 1 (3.3%)

Socket comfort score at baseline
(0–10)

Mean (SD) [min–max]

7.2 (1.0)
[6.0–9.0]

7.7 (0.8)
[6.0–9.0]

7.5 (0.9)
[6.0–9.0]

PLUS-M/FC-12 T-score
(21.8–71.4)

Mean (SD) [min–max]

51.2 (2.7)
[45.8–54.4]

50.3 (4.3)
[41.5–54.4]

50.7 (3.7)
[41.5–54.4]

Prescribed ESAR foot, n (%)
Pro-Flex XC a 2 (15) 8 (47) 10 (33)
Pro-Flex LP a 1 (8) 1 (6) 2 (7)
Pro-Flex ST a 1 (8) 3 (18) 4 (13)

Taleo b 3 (23) 1 (6) 4 (13)
Talux a 3 (23) 0 3 (10)
Other 1 3 (23) 4 (24) 7 (23)

a Össur; b Ottobock; 1 Soleus (College Park Industries), Freedom Agilix (Proteor), Xtend Foot (Lindhe
Xtend), Vari-Flex (Össur), Rush (Proteor), ShockWave (Proteor) a.

Figure 2. Flow of participants through the study (details of eligibility, randomization, and inclusion
in the full analysis set are shown in the diagram).

3.1. Primary Endpoint

Mobility, assessed using the PLUS-M/FC-12 T-score, was significantly higher with the
novel foot compared with the prescribed ESAR foot. LS mean scores were 60.2 ± 1.2 versus
52.3 ± 1.2, respectively, with a between-treatment difference of 7.9 points (95% CI 5.0–10.8;
p < 0.001) (see Table 2), exceeding the minimum detectable change (MDC) of 4.5 points
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and thus suggesting a significant improvement. No significant period (p = 0.353), sequence
(p = 0.901) or centre effects (p = 0.246) were observed, and sensitivity analyses confirmed
the robustness of the treatment effect. Higher scores indicate better mobility.

Table 2. Summary of study endpoint score at the end of each period.

Novel Foot
(N = 30)

Prescribed ESAR Foot
(N = 30)

Between-Treatment
Difference p-Value *

LSM (SEM) 95% CI LSM (SEM) 95% CI LSM (SEM) 95% CI

Primary endpoint

PLUS-M/FC-12 T-score 60.2 (1.2) [57.7; 62.6] 52.3 (1.2) [49.8; 54.7] 7.9 (1.4) [5.0; 10.8] <0.001
Secondary endpoints

Overall prosthesis comfort 1 4.3 (0.1) [4.0; 4.6] 3.7 (0.1) [3.4; 4.0] 0.6 (0.2) [0.3; 1.0] <0.001
Comfort on downward slopes 1 4.0 (0.2) [3.7; 4.4] 2.9 (0.2) [2.6; 3.3] 1.1 (0.2) [0.6; 1.6] <0.001
Comfort on uphill terrain 1 4.0 (0.2) [3.7; 4.4] 3.0 (0.2) [2.7; 3.4] 1.0 (0.2) [0.6; 1.4] <0.001
Comfort when climbing stairs 1 4.2 (0.2) [3.8; 4.5] 3.3 (0.2) [2.9; 3.6] 0.9 (0.2) [0.5; 1.3] <0.001
Comfort when descending 1

stairs
4.0 (0.2) [3.6; 4.4] 3.1 (0.2) [2.7; 3.5] 0.9 (0.2) [0.4; 1.4] 0.001

OPUS QOL RASCH score 2 67.9 (1.8) [64.1; 71.6] 62.2 (1.8) [58.5; 65.9] 5.7 (1.6) [2.4; 8.9] 0.001
ESAT—Satisfaction with
technology (mean of 8 items) 3 4.6 (0.1) [4.4; 4.8] 4.2 (0.1) [4.0; 4.4] 0.4 (0.1) [0.2; 0.6] 0.002 #

ESAT—Satisfaction with
services (mean of 4 items) 3 4.8 (0.1) [4.6; 4.9] 4.6 (0.1) [4.4; 4.8] 0.2 (0.1) [0.0; 0.4] 0.079 #

TUG score at the end of each
period in seconds
Mean (SD) [min–max]

7.4 (2.2) [5.1–13.3] 7.8 (2.4) [4.9–15.2] - - -

TUG change from baseline in
seconds −0.9 (0.2) [−1.3; −0.4] −0.5 (0.2) [−1.0; 0.0] −0.4 (0.2) [−0.8; 0.1] 0.125

* p-values are from linear mixed-effects model including fixed effects for treatment, period, and
sequence, and a random effect for subject, without adjustment for baseline. # p-values are from a
linear mixed-effects model. 1 Current comfort of the prosthesis when walking, range 0–5. The higher
the score, the better the comfort. 2 The full questionnaire comprises 23 questions rated from 0 to
4. The higher the score [0–92], the better the perceived quality of life. The score is converted to a
score ranging from 0 to 100 (RASCH score). 3 Items are rated on a 5-level ordinal scale, ranging as
follows: 1: not satisfied at all; 2: not very satisfied; 3: more or less satisfied; 4: quite satisfied; 5: very
satisfied. Italicized entries indicate variables reported as Mean (SD) [min-max]. All other outcomes
are reported as LSM (SEM) or 95% confidence intervals, as specified in the corresponding columns.
LSM: least squares mean, SEM: standard error of the mean, CI: Confidence Interval, TUG: Timed Up
and Go.

3.2. Secondary Endpoints

Comfort, assessed using a numeric rating scale (NRS; 0–5, anchored at 0 = “not at
all comfortable” and 5 = “very comfortable”), was significantly higher with the novel
foot across all evaluated walking conditions, including level ground, slopes, and stairs
(all p < 0.001). No period effects were observed across all conditions tested. However,
sequence effects were detected for specific conditions such as stair ascent/descent and
slope downward (see Supplementary Tables S1 and S2).

Quality of life, measured using the OPUS RASCH-transformed score (0–100), was
significantly higher with the novel foot (LS mean ± SEM: 67.9 ± 1.8) compared with the
ESAR foot (62.2 ± 1.8), corresponding to a mean difference of 5.7 points (SEM 1.6; 95% CI
2.4–8.9; p = 0.001). No period (p = 0.510) or sequence (p = 0.673) effects were identified.

Satisfaction with the prosthetic technology, assessed using the ESAT questionnaire,
was significantly greater with the novel foot (LS mean ± SEM: 4.6 ± 0.1) than with the
ESAR foot (4.2 ± 0.1), with a mean difference of 0.4 points (95% CI 0.2–0.6; p = 0.002).
Satisfaction with services showed a smaller, non-significant difference between devices
(p = 0.079). No period or sequence effects were observed for both components (see
Supplementary Tables S1 and S2).
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Three falls (involving two participants) were reported during the ESAR foot period,
whereas no falls occurred during use of the novel foot. At study completion, 29 of 30 partic-
ipants (96.7%; 95% CI 83.3–99.4) expressed a preference for the novel foot.

No statistically significant difference between devices was observed in Timed Up and
Go performance. LS mean change from baseline was −0.9 s (95% CI −1.3 to −0.4) for the
novel foot and −0.5 s (95% CI −1.0–0.0) for the ESAR foot (p = 0.125). No period (p = 0.920)
and sequence (p = 0.777) effects were observed.

3.3. Adverse Events

A total of four adverse events (AEs) were reported by four different participants. None
were related to the study devices, or the investigational procedure. No serious adverse
event was reported. The reported adverse events included: one traffic accident, one heat-
induced blister, one episode of post-vaccination asthenia, and episodes of phantom pain.
All adverse events were resolved, except for the heat-induced blister.

4. Discussion
This multicenter, randomized crossover study compared a novel prosthetic foot with

prescribed ESAR feet in individuals with unilateral transtibial amputation who reported
unmet mobility needs. Use of the novel foot demonstrated statistically significant improve-
ments in mobility, comfort, and quality of life, as measured by PLUS-M/FC-12, OPUS, and
ESAT scores. The 7.9-point improvement in PLUS-M/FC-12 T-score exceeded the minimum
detectable change, suggesting a detectable improvement in self-reported mobility beyond
measurement error. In addition, 96.7% of participants indicated a preference for the novel
foot at study completion.

The choice of a patient-reported outcome as the primary endpoint was made to reflect
real-world functional impact from the user perspective and may not fully reflect underlying
biomechanical changes. However, these results complement previous research showing that
dynamic prosthetic feet may reduce gait asymmetry and perceived effort while supporting
participation in varied environments [10,37,38]. The observed improvements suggest that
the novel foot may help address commonly reported limitations of conventional ESAR
devices, including instability, fatigue, and dissatisfaction [10,12].

Although participants reported significant improvement in mobility, comfort, quality
of life and satisfaction with the device, no statistically significant difference was observed
in TUG performance. This finding suggests that the benefits identified in the present study
were primarily captured through patient-reported outcomes reflecting everyday mobility
experiences, rather than through this objective performance-based measure. The TUG
assesses a brief standardized task under controlled conditions and may therefore be less
sensitive to perceived benefits experienced across a wider range of real-world environments
and activities. Furthermore, statistically significant findings observed across secondary
outcomes should be interpreted as exploratory, as no hierarchical testing procedure or
multiplicity adjustment was applied. However, the consistent direction of effects across
mobility, comfort, quality of life, and satisfaction outcomes strengthens confidence in the
overall clinical relevance of the observed benefits.

The study population specifically included individuals who had not achieved satisfac-
tory mobility with their prescribed ESAR feet, reflecting a group with persistent functional
limitations. This criterion was selected to support a future reimbursement application in
France. However, this targeted inclusion introduces a selection bias, as the sample is not
representative of the broader population of prosthetic users. Instead, it is enriched for
individuals who are more likely to experience limitations with conventional ESAR devices
and, consequently, may derive greater benefit from alternative interventions. As a result,
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the findings are most directly applicable to users’ experiencing limitations with conven-
tional ESAR devices. Whether similar benefits would be observed in broader transtibial
populations remains to be determined, and future studies including a wider range of
activity levels and mobility profiles are warranted.

In addition to mobility, improvements in OPUS and ESAT scores indicate enhanced
comfort, satisfaction, and social participation. Together with previously reported biome-
chanical findings from the literature, these results contribute to a more comprehensive
understanding of prosthetic performance [7]. These findings highlight the importance of
shared decision-making and device trialing to ensure alignment with functional goals and
real-world demands [8,16].

Advanced ESAR feet, including the novel foot evaluated here, may be particularly
suitable for active users or those who regularly navigate uneven terrain. However, despite
their ability to store and return energy, passive devices remain inherently limited in their
capacity to generate net positive mechanical work at the ankle joint. In contrast, powered
ankle–foot prostheses have demonstrated the ability to provide active push-off, leading to
improvements in metabolic economy and interlimb work symmetry, particularly under
conditions such as uphill walking [39].

Implementation of the novel foot was feasible across multiple centers, with standard-
ized fitting and alignment procedures successfully deployed and performed at each center,
which may introduce inter-center variability in prosthesis fitting. Detailed information
regarding the comparator feet, including stiffness category, duration of prior use, wear
status, and associated prosthetic components, was not prospectively collected because these
variables were not considered relevant to the study objectives. Nevertheless, comparator
feet were all classified as high-activity ESAR feet. The investigational foot category was
selected according to the manufacturer’s fitting recommendations based on participant
body weight and foot size. Furthermore, two participants required prosthetic adjustments
during the study, including an adaptation of the foot category within the same inves-
tigational foot family and a modification of the suspension system. These adjustments
reflected routine clinical care and optimization of the prosthetic fitting rather than changes
in prosthetic technology. Given the small number of affected participants, their impact
on the overall study findings is expected to be limited; however, a minor influence on
individual outcomes cannot be entirely excluded. These observations further emphasize
the importance of clinician training and user education to optimize device performance
and maintain functional gains.

Guidance on alignment, maintenance, and gait strategies can support user adaptation
and maximize the benefits of advanced prosthetic technologies [37,38]. Integration with
structured rehabilitation or gait training may further enhance functional outcomes, suggest-
ing that advanced prosthetic feet are most effective when combined with comprehensive
user-centered care.

Several limitations should be considered. Blinding was not feasible, introducing po-
tential expectation bias. As a crossover study, adaptation effects may also have influenced
outcomes, as participants could benefit from increased familiarity with prosthetic use over
time. In addition, no washout period was implemented between study conditions, which
raises the possibility of carryover effects, whereby performance or perceptions associated
with the first device may have influenced outcomes observed with the second device.
However, implementing a washout period in prosthetic crossover studies is challenging
because there is no established duration sufficient to eliminate device-specific adaptation
and learning effects, even if participants temporarily return to their usual prosthetic config-
uration. Moreover, requiring participants to alter or restrict their established prosthetic use
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for an extended period solely for research purposes may be difficult to justify from both
practical and ethical perspectives.

Significant sequence effects were observed for several comfort-related outcomes and
should therefore be interpreted with caution, as treatment order may have influenced
subjective comfort ratings. Nevertheless, descriptive analyses stratified by randomized
sequence showed that comfort scores consistently favored the novel foot in both sequence
groups, although the magnitude of the treatment effect varied between sequences.

The sample size, while adequate for detecting differences in primary outcomes, limited
detailed subgroup analyses by age, sex, cause of amputation, or comorbidities. The four-
week per-device follow-up does not capture long-term durability, maintenance requirements,
or potential secondary complications such as joint pain or overuse injuries [26]. Additionally,
the predominance of older male participants may limit generalizability to younger adults,
women, or individuals with differing activity profiles or amputation etiologies.

These limitations highlight areas for future research. Longitudinal studies should
evaluate device durability, adaptation, and sustained functional benefits. Inclusion of
more diverse populations will enhance external validity. Comparative effectiveness stud-
ies under real-world conditions can clarify device performance during routine use [40].
Health economic analyses are needed to assess cost-effectiveness, including device costs,
fall-related injuries, healthcare utilization, productivity, and quality-adjusted life years
(QALYs), providing evidence to support reimbursement and access to advanced prosthetic
technologies [32]. Biomechanical investigations remain important for elucidating mecha-
nisms underlying observed gains. Studies examining gait symmetry, energy expenditure,
joint loading, and muscle activation patterns can inform device optimization, alignment
strategies, and rehabilitation approaches. Additionally, qualitative research on user experi-
ences and shared decision-making can deepen understanding of preferences, barriers, and
facilitators, guiding clinical guidelines and future device innovation [16]. These efforts may
also clarify how observed short-term functional gains translate into long-term adherence
and sustained quality-of-life improvements.

In summary, the novel foot was associated with improvements in mobility, comfort,
satisfaction, and quality of life for individuals with unmet mobility needs. High rates of
user preference were also observed, suggesting potential advantages in both functional
performance and user experience within this specific cohort. Integration into clinical
practice appears feasible when combined with user-centered prescription, training, and
education. Further research addressing long-term outcomes, diverse populations, cost-
effectiveness, biomechanics, and user experiences will support evidence-based optimization
of prosthetic care, ensuring that advanced devices enhance functional independence, well-
being, and equitable access for individuals living with limb loss.

5. Conclusions
The novel foot demonstrated improvements in perceived mobility, comfort, satisfac-

tion, and quality of life for individuals with unilateral transtibial amputation and unmet
mobility needs. User preference indicated its potential to enhance mobility and effective-
ness in daily activities. These findings suggest that the device may represent a valuable
clinical option when prescribed with appropriate fitting, training, and user-centered pre-
scription approaches.

However, these benefits may be most pronounced in users who have not achieved
satisfactory mobility with conventional ESAR feet. Future research should focus on long-
term outcomes, diverse populations, biomechanical mechanisms, and cost-effectiveness to
support evidence-based optimization of prosthetic care.
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