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ARTICLE INFO ABSTRACT

Keywords: Individuals with lower-limb amputations are typically prescribed passive prosthetic feet for everyday walking.

Gait However, when carrying additional loads, users demonstrate increased reliance on their intact limb which can

Lower limb amputation lead to overuse injuries. Powered prostheses have been shown to reduce compensations during unloaded

Transnbla_l amputee walking, but their efficacy during load carriage remains unknown. Furthermore, how the position of an added

Load carriage . . . . . .

Biomechanics load affects intact limb reliance is not well understood. This study determined (1) how the presence and
placement of an added load affects between-limb joint work symmetry for individuals walking with transtibial
protheses, and (2) how prosthetic foot type (passive or powered) affects joint work symmetry during load car-
riage. Kinematic and kinetic data were collected from unilateral transtibial prosthesis users (n = 12) wearing a
passive or powered prosthesis while walking with no added load, a 13.6 kg load worn on the front of their torso,
or the same load worn on their back. Work symmetry, calculated as the difference between intact-side and
prosthesis-side net joint work, was determined for the ankle, knee and hip to quantify intact limb reliance. Ankle
and hip work symmetry improved for the Front Load compared to the No Load condition, due to a tradeoff
between intact ankle and intact hip demand. Furthermore, ankle work symmetry improved for all load conditions
while wearing the powered prosthesis. These results highlight changes in compensatory strategies during
different load carriage conditions and encourage the use of powered prostheses to reduce intact limb reliance
during activities involving load carriage.

1. Introduction (prosthesis-side) hip and knee flexion (Doyle et al., 2014; Schnall et al.,
2014). The intact limb also provides increased spatiotemporal, kinetic
and muscle compensations with added loads, as evidenced by increased
intact-limb stance time (Schnall et al., 2014; Sinitski et al., 2016), joint
power and work (Brandt et al., 2016; Doyle et al., 2014) and knee joint

contact forces (Lefranc et al., 2025; Templin et al., 2021).

Individuals with unilateral transtibial amputations rely on the use of
prostheses to ambulate and perform activities of daily living. Clinicians
typically prescribe passive energy storage and return (ESAR) prostheses
with a fixed value for the ankle—foot stiffness tuned to the user’s antic-

ipated activity level and body weight. When carrying added loads (e.g.,
wearing a backpack or carrying children), able-bodied individuals are
able to modulate their dynamic ankle joint stiffness to adapt to the
changing task demands (e.g., Bayram and Bayram, 2018; Frigo et al.,
1996; Kern et al., 2019). However, passive ESAR prosthesis stiffness
values cannot be modulated to accommodate changing loads. Therefore,
the prosthetic ankle-foot stiffness for individuals using ESAR prostheses
may no longer be optimal for their total combined weight when carrying
added loads. As a result, previous studies have observed changes in gait
kinematics in the presence of an added load, such as increased residual
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Previous studies have primarily used weighted backpacks when
studying the effects of added loads (e.g., Brandt et al., 2016; Doyle et al.,
2014; Sinitski et al., 2016). However, in activities of daily living that
involve load carriage (e.g., carrying children or groceries), the load is
not always worn on the back. As such, it remains unclear how the
placement of an added load (e.g., an anteriorly or posteriorly placed
load) affects between-limb asymmetries for prosthesis users. Prolonged
asymmetry and reliance on the intact limb are linked to an increased
prevalence of overuse injuries, such as intact-knee osteoarthritis (e.g.,
Gailey et al., 2008). Therefore, a better understanding of how load
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placement impacts between-limb symmetry and intact limb reliance for
prosthesis users is necessary to help reduce the development of these
injuries. The first objective of this study was to determine how the
presence and placement of an added load affects between-limb joint
work symmetry for individuals wearing unilateral transtibial prostheses
in order to better understand intact limb reliance during load carriage
conditions. We hypothesized that the presence of an added load would
result in increased joint work asymmetry with more reliance on the
intact limb. Furthermore, we hypothesized that the placement of the
added load (e.g., anterior or posterior load) would influence joint work
symmetry.

In order to more closely replicate the function of the transected
plantarflexor muscles and reduce intact limb compensations, powered
transtibial prostheses have been developed to aid in push-off by gener-
ating net positive ankle-foot work (Au and Herr, 2008; Herr and Gra-
bowski, 2011). In contrast, passive ESAR prostheses can only recover a
portion of the energy stored earlier in the gait cycle and therefore cannot
produce net positive work (Zmitrewicz et al., 2007). Previous studies
have determined that reduced ESAR prosthetic ankle-foot push-off work
is associated with increased intact knee adduction moment, which is an
indirect measure of knee loading and osteoarthritis risk (Grabowski and
D’Andrea, 2013; Morgenroth et al., 2011). Furthermore, reduced power
output from ESAR prostheses compared to the biological foot-ankle
results in increased demand from the more proximal residual joints
(Silverman et al., 2008) and increased overall metabolic cost of walking
(Herr and Grabowski, 2011). Compared to ESAR prostheses, powered
devices have shown improvements in metabolic cost and between-limb
joint work symmetry for walking without added loads (e.g., Au and
Herr, 2008; Grabowski and D’Andrea, 2013; Herr and Grabowski,
2011). Although previous studies have demonstrated that powered
prostheses can also improve metabolic cost during load carriage (Brandt
et al., 2016; Hedrick et al., 2019), it remains unclear whether powered
prostheses can similarly improve between-limb joint work symmetry
during load carriage conditions. Therefore, the second objective of this
study was to determine how prosthetic foot type (i.e., passive versus
powered) affects joint work symmetry in load carriage conditions. We
hypothesized that the powered foot would provide improved joint work
symmetry during load carriage due to its ability to generate net positive
work.

2. Methods
2.1. Data collection

Kinematic and kinetic data were previously collected at the VA
Center for Limb Loss and MoBility from 12 unilateral transtibial pros-
thesis users (see Ardianuari et al., 2024 for details). Data from one
subject used a different marker set from the rest and was not included in
the analysis due to significant marker occlusion and compromised model
segment definitions (2 female; age: 44 + 15 years; height: 1.76 + 0.10
m; mass: 97.0 &+ 16.6 kg). Each participant provided informed consent
approved by the governing Institutional Review Board. Three-
dimensional full-body kinematic data were collected at 120 Hz using a
16-camera motion capture system (Vicon, Oxford, UK) and a set of 66
retroreflective markers following a marker set adapted from the Plugin-
Gait and Istituto Ortopedico Rizzoli IORGait (Leardini et al., 2007)
models. Three-dimensional ground reaction force (GRF) data were
collected at 1200 Hz using five overground force plates (AMTI, Water-
town, MA, USA).

Participants completed overground walking trials using both their
clinically prescribed passive prosthetic foot and a commercial powered
foot (Empower; Ottobock, Duderstadt, GER). Four participants were
unable to use the powered foot due to residual limb length constraints.
For each prosthetic foot condition, participants completed three sets of
walking trials: with a 13.61 kg (30 1b) load worn on the back of their
torso, the same load worn on the front, and with no additional load
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Table 1
Combinations of prosthetic foot type and load conditions that were tested with
their associated abbreviations.

Load Condition

No Load Back Load Front Load
Foot Type Prescribed Passive PR_NL PR_BL PR FL
Powered PW_NL PW_BL PW_FL

(Table 1). For trials that included the added load, subjects wore a
weighted pack (Ergobaby, Los Angeles, CA, USA) secured to their torso.
An additional set of three markers was placed on the load pack to track
its movement.

During their initial visit, self-selected walking speed was determined
for each participant by the average of four 14 m walk tests while wearing
their clinically prescribed passive prosthesis (group mean + standard
deviation: 1.27 + 0.18 m/s). Participants then familiarized themselves
with each prosthetic foot and load combination by practicing walking
for at least 15 min or until they felt comfortable in each condition.
Prosthesis prescription, alignment and training were supervised by a
certified prosthetist. Although there is currently no consensus for how
much training time should be allotted before testing a new prosthesis
(Wanamaker et al., 2017), previous work evaluating gait changes with a
new prosthesis suggests that gait symmetry typically stabilizes within
the first twenty minutes of walking (Fiedler and Zhang, 2016). Rest
breaks were provided as needed.

After at least one overnight rest period, each participant returned for
a second visit, where they completed the walking trials (Table 1). Par-
ticipants walked across the 10 m force plate-embedded walkway in a
straight line with each foot landing on its own force plate. Trials were
repeated until the participant’s walking speed was within 10% of their
previously determined self-selected walking speed, and only strides with
a single, complete foot contact on each force plate were included in the
analysis.

2.2. Data processing and analysis

A 15-segment (plus one additional segment for the added load) in-
verse dynamics model was created for each participant in Visual3D
(HAS-Motion, Kingston, Ontario). Segment masses, center-of-mass
(COM) positions, and inertial properties were estimated based on geo-
metric approximations (de Leva, 1996). On the prosthesis side, the re-
sidual shank mass was reduced to 35% of the intact shank and the
residual shank COM position was adjusted more proximally to the knee
joint by 35% (Smith et al., 2014). Kinematic and GRF data were low-pass
filtered at 8 Hz and 15 Hz, respectively, using a fourth-order double-pass
Butterworth filter. Individual strides (defined as ipsilateral heel-contact
to subsequent ipsilateral heel-contact) were determined based on GRF
and kinematic event detection using a custom MATLAB (MathWorks,
Natick, MA, USA) script. Sagittal-plane joint angles, moments and
powers were computed for the intact ankle, knee and hip, as well as the
residual (prosthesis side) knee and hip. Prosthetic ankle angle and
moment were not computed due to the lack of an anatomical ankle joint.
For both the intact and prosthesis sides, ankle power was calculated as
distal shank power to uniformly capture power from the biological
ankle—foot complex on the intact side and the distal residual limb and
prosthesis for the prosthesis side (Takahashi et al., 2012). Further use of
the term ankle power refers to distal shank power.

Joint moments and powers were normalized by participant height
and weight (including weight of the additional load for relevant trials)
following ISB recommendations (Derrick et al., 2020). Refer to the
Supplementary Data for joint moment and power curves. Joint powers
were integrated over the duration of the gait cycle to calculate net joint
work. The difference in net joint work between the intact and prosthesis
side (AW) was calculated (Eq. (1)) for each joint to quantify the reliance
on the intact limb, where AW > 0 indicates higher reliance on the intact
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limb, AW < 0 indicates higher reliance on the prosthesis-side limb, and
AW = 0 indicates perfect symmetry.

AW = net joint Workinsciside — Net joint Workprosiesis side (@)

2.3. Statistical analyses

A set of linear mixed-effects models determined how the between-
limb difference in net joint work (AW) changed with prosthetic foot
and load conditions. The dependent variable was AW and the fixed
factors included the prosthetic foot type, load condition, and their
interaction. The random factors included participant, the interaction
between participant and prosthetic foot type since only a subset of the
participants were able to use the powered foot, and a random intercept.
A linear mixed-effects model was chosen for its flexibility in accounting
for unequal group sizes, such as the passive (n = 11) and powered (n =7)
foot conditions. Significance was defined as a = 0.05. In the case of a
significant effect of foot type, a follow-up paired t-test was performed to
compare AW between the passive and powered foot conditions, pooled
across all load conditions. In the case of a significant effect of load
condition, Bonferroni-adjusted follow-up paired t-tests were performed
to compare AW between the three load conditions, pooled across both
foot types. In the case of a significant foot x load interaction, a set of
nine Bonferroni-adjusted non-pooled follow-up t-tests were used to
evaluate all pairwise comparisons of foot and load conditions.

3. Results
3.1. Ankle work symmetry

Ankle AW was positive (intact net ankle work > prosthetic net ankle
work) for all load conditions, pooled across foot type, as well as for both
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foot types, pooled across load conditions. Ankle AW decreased for the
Front Load condition compared to the No Load condition (p < 0.001,
Cohen’s d: 0.37), pooled across both foot types (Fig. 1A). There was also
a trend of decreased ankle AW for the Front Load condition compared to
the Back Load condition, but this trend was not significant with the
Bonferroni adjustment (p = 0.017). In addition, ankle AW decreased for
the powered foot condition compared to the passive foot (p < 0.001,
Cohen’s d: 1.33), pooled across load conditions (Fig. 1B). For both foot
types, the intact ankle provided net positive work. When wearing the
passive prosthesis, the prosthetic ankle demonstrated net negative work
for all load conditions. However, when wearing the powered prosthesis,
the prosthetic ankle demonstrated net positive work for all load condi-
tions (Fig. 1B).

3.2. Knee work symmetry

Knee AW was positive (intact-side net knee work > prosthesis-side
net knee work) for all foot and load conditions. There were no changes in
knee AW between load or foot conditions (Fig. 2).

3.3. Hip work symmetry

Hip AW was negative (prosthesis-side net hip work > intact-side net
hip work) for all foot and load conditions (Fig. 3). There was a trend of
decreased hip AW magnitude for the Front Load condition compared to
the No Load condition, pooled across foot types, but this trend was not
significant (Fig. 3A). However, there was a significant interaction effect
between load and foot condition (p = 0.029) and follow-up paired t-tests
determined that the magnitude of hip AW decreased for the Front Load
condition compared to the No Load condition when wearing the passive
foot (p = 0.005, Cohen’s d: 0.95) (Fig. 3B).

Ankle Work
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Fig. 1. Ankle AW pooled across foot types (left pane) decreased for the Front Load (hashed) compared to the No Load (dotted) condition. Ankle AW pooled across
load conditions (wide bars in the center and right panes) decreased for the powered compared to the passive foot condition. Ankle AW was calculated as the dif-

ference between the intact and prosthesis-side net ankle work for each condition.
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Fig. 2. Knee AW pooled across foot types (left pane) saw no difference between the No Load (dotted), Back Load (solid), and Front Load (hashed) conditions. Knee
AW pooled across load conditions (wide bars in the center and right panes) saw no difference between the powered and passive foot conditions. Knee AW was
calculated as the difference between the intact and residual net knee work for each condition.

4. Discussion

The objective of this study was to determine how the presence and
placement of an added load affects lower-limb joint work symmetry for
individuals wearing either a passive or powered prosthesis. We hy-
pothesized that the presence and placement of an added load would
affect joint work symmetry, expecting more asymmetry during the
loaded conditions. Contrary to this hypothesis, ankle work symmetry
improved during the Front Load condition across prosthetic foot types,
and hip work symmetry improved during the Front Load condition while
wearing the passive prosthesis. Our hypothesis that the load placement
would affect joint work symmetry was supported given that the Front
Load improved joint work symmetry compared to the No Load condition
but the Back Load condition demonstrated no changes in joint work
symmetry. Finally, we hypothesized that the powered foot would offer
improved joint work symmetry, which was partially supported as the
powered foot did improve ankle work symmetry for all load conditions.

4.1. Changes in joint work symmetry due to load carriage condition

Ankle AW was positive, indicating greater reliance on the intact
ankle, for all load conditions (pooled across foot types) and for both foot
types (pooled across load conditions). Conversely, hip AW was negative,
indicating greater reliance on the prosthesis-side hip, across all load and
foot conditions. These findings reflect previously described strategies to
compensate for the loss of the ankle plantarflexors, including increased
prosthesis-side hip power (Sadeghi et al., 2001) and work (Jeffers and
Grabowski, 2017; Silverman et al., 2008) as well as increased intact
ankle work (Jeffers and Grabowski, 2017; Seroussi et al., 1996; Silver-
man et al., 2008).

Work symmetry improved for both the ankle (decreased ankle AW)
and the hip (decreased magnitude of hip AW) for the Front Load

condition compared to the No Load condition. Surprisingly, the
improvement in ankle work symmetry resulted from a reduction in
intact ankle work, with few changes in prosthesis-side ankle work. In
contrast to the changes observed at the ankle, net hip work for both the
intact and prosthesis side increased in the Front Load condition, with a
larger increase in the intact hip work resulting in improved symmetry.
These results suggest that in the Front Load condition, there is a tradeoff
between decreased intact ankle demand but increased intact hip de-
mand, which may be indicative of a strategy to counteract the destabi-
lizing moment caused by the front load.

When carrying a front load, the added load causes the total COM to
shift anteriorly, resulting in a destabilizing moment due to gravity, and
increased forward angular momentum. The ankle plantarflexors like-
wise contribute to forward angular momentum during walking whereas
the hip extensors (e.g., hamstrings) contribute to backward angular
momentum (Neptune and McGowan, 2011). Decreasing intact ankle
work and increasing intact hip work during the Front Load condition
may serve as a mechanism to counteract the forward angular mo-
mentum generated by the additional load, maintain sagittal plane bal-
ance control and mitigate fall risk. This finding is consistent with
previous studies which report increased intact-side hip extensor (ham-
strings, gluteus maximus) metabolic cost (Lefranc et al., 2025) as well as
increased intact-side hamstring contribution to forward propulsion
(Lefranc et al., 2024) and backward whole-body angular momentum
(Templin et al., 2021) during anterior load carriage. These changes also
align with previous observations of more cautious gait demonstrated by
healthy young adults during anterior load carriage (Cain et al., 2016;
Perry et al., 2010). Based on previous modeling work, although Front
Load carriage generally increased overall metabolic cost compared to No
Load or Back Load conditions, lower intact axial knee joint loads were
observed for the Front Load condition compared to the Back Load
(Lefranc et al., 2025), which may be due to the proximal redistribution
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Fig. 3. Hip AW pooled across foot types (left pane) saw no difference between the No Load (dotted), Back Load (solid), and Front Load (hashed) conditions. Hip AW
pooled across load conditions (wide bars in the center and right panes) saw no difference between the powered and passive foot conditions. There was a significant
interaction effect between load and foot condition, in which the magnitude of hip AW decreased for the Front Load condition compared to the No Load condition only
when wearing the passive foot. Hip AW was calculated as the difference between the intact and residual net hip work for each condition.

of intact-side net joint work observed in the current study. As such, it
may be beneficial for individuals with transtibial prostheses to use an
anterior load carriage strategy to minimize intact knee joint loading and
osteoarthritis risk.

Unlike the changes in ankle and hip work symmetry demonstrated in
the Front Load condition, no changes in joint work symmetry were
demonstrated for the Back Load condition. Observed trends in individ-
ual leg net joint work suggests that during the Back Load condition, the
magnitude of both intact and residual net knee and hip work decreased
compared to the No Load condition. However, since net joint work for
both legs responded similarly, joint work symmetry remained
unchanged.

4.2. Changes in joint work symmetry due to prosthetic foot type

Across all load conditions, ankle work symmetry improved when
wearing the powered foot compared to the passive foot, with a 93%
reduction in AW (average passive AW: 0.010; average powered AW:
0.0007), largely attributed to the change in net prosthetic ankle work
from negative to positive when switching from the passive to the pow-
ered foot. This finding is consistent with previous work that found
improved net leg work symmetry with a powered prosthetic foot during
incline walking (Montgomery and Grabowski, 2018). The ability of the
powered foot to generate net positive ankle work more closely replicates
the function of the biological ankle plantarflexors in generating forward
propulsion at push-off (Neptune et al., 2001), thereby reducing the need
for intact ankle compensations typically reported in challenging walking
conditions (i.e., faster walking speeds) (Silverman et al., 2008). A post-
hoc comparison of prosthetic positive ankle push-off work confirmed
that the powered prosthesis did provide increased positive work at push-
off compared to the passive device (passive: 0.134 J/kg, powered: 0.190

J/kg, p < 0.001). Together, the improved ankle work symmetry and the
increased prosthetic ankle push-off work demonstrated while wearing
the powered prosthesis suggest that the powered device can reduce
intact ankle compensations and may reduce risk for intact-side overuse
injuries (Morgenroth et al., 2011) during load carriage tasks. Previous
modeling work also found that axial intact knee joint loading, a
biomarker for osteoarthritis risk, was reduced when using a powered
prosthesis compared to a passive ESAR device (Lefranc et al., 2025),
further encouraging the use of powered prostheses during load carriage.

Surprisingly, we did not see an improvement in hip joint work
symmetry with the powered prosthesis. Observed trends in net hip work
for each leg demonstrate that the powered prosthesis did reduce the net
hip work produced by the intact and residual legs. However, since net
hip work changed for both legs similarly, hip joint work symmetry was
unaffected by the powered foot. There were also no observable changes
in net knee work, or resulting knee work symmetry, with the use of the
powered prosthesis. Unlike the ankle and hip which produce net positive
work, the knee demonstrated net negative work, indicating overall en-
ergy absorption. Furthermore, segmental power analyses have revealed
that the knee muscles (e.g., rectus femoris and vasti) act to transfer
energy between the leg and trunk throughout the gait cycle (Neptune
et al., 2004). Given the role of the knee musculature in power transfer
rather than power production, it is not surprising that there were no
observed changes in net knee work despite the increased ankle work
with the powered prosthesis.

5. Limitations
A potential limitation of this study was the relatively small sample

size, given that that only seven participants were able to use the pow-
ered prosthetic foot due to residual limb length constraints. Although
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the number of participants for this study is consistent with previous
similar prosthetic component studies (e.g., Clites et al., 2021; McDonald
etal., 2021; Montgomery and Grabowski, 2018), unbalanced group sizes
between the prosthetic foot conditions may reduce statistical power. As
such, results for the passive versus powered foot analyses may not be as
generalizable to a larger population. Furthermore, a limited number of
strides were evaluated in each condition, as the force plate-embedded
walkway only accommodates five continuous strides per trial. Multi-
ple trials were recorded for each condition; however, the omission of
strides without a single, complete foot contact on each force plate
resulted in most participants having only a few successful strides on each
foot for each condition. Moreover, our trial inclusion criteria required
walking speed to be within + 10% of each participant’s self-selected
speed to reduce the impact of walking speed variability as a confound-
ing variable. However, it is possible that small stride-to-stride variability
or differences in speed preferences between participants may still
obscure work outcomes. Further investigation to determine a balance
between acceptable walking speed variability and the number of strides
required to achieve appropriate statistical power is warranted to better
inform future experimental designs.

Another potential limitation was that this study focused on net joint
work rather than the total work done at each joint. Net joint work may
underestimate total energy expenditure due to cancellations of positive
and negative work. However, comparing total work done at each joint
may obscure directional asymmetries in the case of compensations
during which one limb generates positive work and the other limb
negative work of similar magnitude (e.g., as seen by the intact and
passive prosthetic ankle). Finally, this work evaluated changes in
between-limb symmetry for various foot-load combinations. Although
useful for quantifying reliance on the intact limb, symmetry analyses do
not capture changes that affect both limbs similarly. For example, the
magnitude of both intact and residual net knee and hip work decreased
during the Back Load condition compared to the No Load condition.
However, since the net joint work for both legs responded to the load
similarly, joint work symmetry remained unchanged.

6. Conclusion and recommendations for future work

This study evaluated intact limb reliance for different load carriage
conditions while wearing either a passive or powered prosthesis. We
identified a tradeoff between intact ankle and hip demand when car-
rying a front load, and found that the powered foot improved between-
limb ankle work symmetry across all load conditions. These results
provide insight into how compensatory strategies change in response to
altered task demands and encourage the use of powered prostheses to
reduce intact limb reliance during load carriage. Future studies should
expand on this work and investigate individual leg responses to different
foot-load combinations in order to compare between symmetric and
asymmetric compensations. Furthermore, future work should evaluate
total work and energy expenditure for different load carriage conditions
to guide individuals with lower-limb amputations on recommended load
carriage strategies. Finally, future work should explore a range of
prosthetic ankle—foot stiffness profiles during various load carriage
conditions to explore potential benefits of stiffness-adaptive prostheses.
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