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A B S T R A C T

Individuals post-stroke with hemiparetic gait often experience impaired mobility, which can be restored using 
powered exoskeletons. Specifically, hip exoskeletons can deliver positive work to the leg to help initiate leg 
swing; however, it is unclear which limb assistance strategy (e.g., unilateral or bilateral assistance) best improves 
walking performance due to the asymmetric characteristics of hemiparetic gait. Therefore, the purpose of this 
study was to investigate how different hip exoskeleton limb assistance strategies affect lower-limb joint 
biomechanics during walking for individuals post-stroke. We hypothesized that bilateral assistance would best 
improve late stance paretic leg orientation and swing initiation, unilateral paretic limb assistance would improve 
interlimb asymmetries and unilateral nonparetic limb assistance would indirectly improve late stance kine
matics. We found bilateral assistance significantly increased paretic hip flexion angle, providing an improvement 
in leg swing initiation, and improved ankle joint work symmetry, suggesting an improvement in propulsion 
mechanics. Unilateral paretic limb assistance significantly increased paretic knee flexion during swing, which is a 
common rehabilitative target to improve stiff-knee gait for individuals post-stroke, and significantly improved 
joint work symmetry between limbs, which is beneficial for individuals who have increased reliance on the 
nonparetic limb. Unilateral nonparetic assistance did not improve late stance kinematics. These results provide 
insight into joint-level responses of individuals post-stroke and can help tailor hip exoskeleton assistance for 
individuals post-stroke based on rehabilitation targets.

1. Introduction

Individuals post-stroke commonly experience hemiparesis, with over 
80% of strokes leading to motor impairment (Langhorne et al., 2011). 
Post-stroke hemiparesis is characterized by unilateral muscle weakness, 
resulting in altered gait patterns. Muscle weakness is often manifested in 
reduced paretic plantarflexor output that leads to decreased propulsion 
(e.g., Chen et al., 2005; Bowden et al., 2006), paretic limb muscle work 
during pre-swing (Peterson et al., 2011) and walking speed (e.g., Olney 
and Richards, 1996). This reduced plantarflexor output necessitates 
compensatory mechanisms at other joints, such as increased paretic hip 
work during pre-swing (Peterson et al., 2011) and reduced paretic knee 
flexion during swing (e.g., Chen et al., 2005; Dean et al., 2020) 
compared to healthy individuals. Further, the kinematic and kinetic 

disparities create asymmetric gait patterns, with an increased reliance 
on the nonparetic limb. Limb asymmetries are present in muscle func
tion (e.g., greater nonparetic relative to paretic limb muscle contribu
tions to propulsion (Hall et al., 2011)), spatiotemporal measures (e.g., 
step length asymmetry (Balasubramanian et al., 2009)) and kinetic 
measures (e.g., reduced paretic propulsion and interlimb mechanical 
power symmetry (e.g., Bowden et al., 2006; Roelker et al., 2019; Farris 
et al., 2015; Mahon et al., 2015)). These asymmetries highlight the 
impaired walking performance of individuals post-stroke, which can 
result in limited mobility during activities of daily living.

Powered exoskeletons have the potential to improve mobility for 
individuals post-stroke by delivering external work at targeted joints. 
Ankle exoskeletons often target improved propulsion (e.g., Awad et al., 
2017) but depend on leg orientation in late stance to appropriately 
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convert the exoskeleton work to forward propulsion (McCain et al., 
2019). However, individuals post-stroke often have reduced leg exten
sion in late stance (Peterson et al., 2010), and therefore hip exoskeletons 
that are independent of leg orientation and provide positive hip flexor 
work for leg swing initiation may be advantageous. In healthy adults, 
hip exoskeleton assistance reduced hip and ankle muscle activity (Lenzi 
et al., 2013) and metabolic cost (e.g., Seo et al., 2016) relative to un
assisted walking, suggesting the exoskeleton may have distal effects. In 
individuals post-stroke, hip exoskeleton assistance has been shown to 
improve walking speed and spatiotemporal parameters (e.g., Lee et al., 
2019; Pan et al., 2023; Livolsi et al., 2025) relative to unassisted 
walking. Although walking speed is a valuable clinical measure posi
tively correlated with motor recovery post-stroke (Brandstater et al., 
1983), it may reflect nonparetic limb compensations rather than paretic 
limb functional improvements. Therefore, it remains unclear how these 
individuals alter their lower-limb joint kinematics and kinetics in 
response to different powered exoskeleton limb assistance strategies.

To improve walking performance, the exoskeleton’s control param
eters and assistance strategy must be appropriately tuned. Experimental 
studies have optimized timing and magnitude of the applied torque to 
reduce metabolic cost in healthy adults (e.g., Galle et al., 2017; Young 
et al., 2017; Ding et al., 2018; Bryan et al., 2021). However, optimized 
assistance for healthy adults typically assumes inter-limb symmetry, 
which may not generalize to clinical populations. Given the notable 
post-stroke limb asymmetry, it is unclear how different limb assistance 
strategies (e.g., unilateral versus bilateral assistance) may impact their 
walking mechanics. Further, it is unclear whether unilateral paretic or 
nonparetic limb assistance would be more suitable based on the 
impaired function of the paretic limb and increased reliance on the 
nonparetic limb.

The purpose of this study was to investigate how different hip 
exoskeleton limb assistance strategies affect lower-limb joint biome
chanics during walking for individuals post-stroke. We hypothesized 
that 1) bilateral assistance would best improve paretic limb late stance 
leg orientation and swing initiation, 2) unilateral paretic limb assistance 
would best improve limb asymmetries, and 3) unilateral nonparetic limb 
assistance would indirectly improve paretic limb late stance leg 
orientation.

2. Methods

2.1. Experimental data collection

Experimental data were previously collected from five individuals 
post-stroke with chronic unilateral hemiparesis (Table 1), with each 
participant providing their informed consent for the Georgia Institute of 
Technology Institutional Review Board approved study. For a more 
detailed description of the methods, see Pan et al. (2023).

Subjects wore a Samsung Gait Enhancing and Motivating System 
(Samsung Electronics, Suwon, South Korea), which is a lightweight 
powered bilateral hip exoskeleton with an additional thoracolumbar 
interface (total mass: 3.3 kg). The device provided sagittal plane bidi
rectional assistance and incorporated a passive joint to allow free frontal 
plane movement. A biological-inspired torque controller was imple
mented on the exoskeleton, where the commanded flexor/extensor 
torque was the sum of two univariate Gaussian curves with a maximum 

commanded torque of 6 Nm (Fig. 1; for more details, see Kang et al., 
2021).

During a baseline assessment, individuals walked overground 
without the exoskeleton to determine their self-selected walking speed. 
During a second session, the individuals donned the exoskeleton, and a 
clinician tuned the onset assistance timing within ± 5% of the gait cycle 
to ensure the individuals’ comfort and acclimation to the device. During 
a third session, they walked on a split-belt instrumented treadmill 
(Bertec, Ohio, USA) at 80% of their self-selected overground walking 
speed with the exoskeleton. Exoskeleton assistance conditions were 
randomized across trials and included unassisted (UN), unilateral- 
paretic limb (P), unilateral-nonparetic limb (NP) and bilateral (BI) 
assistance conditions. Three-dimensional motion capture data were 
collected from thirty-five lower-limb retroreflective markers at 200 Hz 
(Vicon Motion Systems, Oxford, United Kingdom) and ground reaction 
force data were collected from the treadmill at 1000 Hz.

2.2. Data analysis

Kinematic and kinetic data were filtered with a 4th order low-pass 
Butterworth filter at 6 Hz and 15 Hz, respectively. For each subject, 
an eight-segment inverse dynamics model was created in Visual3D 
(HAS-Motion, Ontario, Canada), and paretic and nonparetic sagittal 
plane hip, knee and ankle joint angles, and net joint moments and 
powers were calculated for each trial. Net joint moments and powers 
include both the biological and exoskeleton dynamics. All data were 
divided into gait cycles and normalized to 100% of the gait cycle. Peak 
kinematic and kinetic values and total joint range of motion (ROM) were 
identified over the gait cycle. Positive, negative and total joint moment 
impulse and work were calculated as the time integral of joint moments 
and powers, respectively, over each gait cycle. To evaluate work sym
metry, joint work distribution was quantified as the proportion of each 
joint’s positive or negative work relative to the total positive or negative 
work, respectively, across both lower limbs. Joint moments, powers and 
work were normalized by subject mass.

Table 1 
Subject demographics and characteristics.

Subject Sex Age Height (cm) Mass (kg) Paretic Side Time Post-Stroke (years) Self-Selected Walking Speed (m/s) Prescribed Assistive Device?

1 M 37 180.5 89.0 Right 6 0.64 Yes
2 M 57 175.5 81.0 Left 9 0.86 Yes
3 M 55 183.0 84.8 Right 3 0.60 Yes
4 F 67 156.0 57.9 Left 3 0.98 No
5 F 46 167.5 59.9 Right 4 1.00 No

Fig. 1. Exoskeleton torque commanded for the ipsilateral leg.
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2.3. Statistical analysis

Linear mixed effects models were used to evaluate differences in 
outcome measures between limb assistance conditions. Separate models 
were created to analyze outcome measures of joint ROM, peak joint 
angle, moment and power, joint moment impulse and positive, negative 
and total work for the hip, knee and ankle of the paretic limb. The model 
included a categorical fixed effect of limb assistance condition (i.e., UN, 
P, NP or BI) and a random intercept of subject to account for baseline 
functional differences between individuals. If a significant effect of 
assistance strategy was found, follow-up paired t-tests with a Bonferroni 
correction were performed between the UN condition and each powered 
condition. The normality assumption was assessed by visual inspection 
of the residual Q-Q plot for each model, which did not indicate sub
stantial deviations from normality. Significance was set as α = 0.05. All 
statistical analyses were performed in the MATLAB statistical toolbox 
(MathWorks, Massachusetts, USA).

3. Results

3.1. Paretic limb kinematics

Peak paretic limb hip flexion angle increased in all powered condi
tions (P: p = 0.004; NP: p < 0.001; BI: p < 0.001) (Fig. 2A) relative to 
UN. However, peak hip extension angle decreased only in the P condi
tion (p = 0.002) (Fig. 2A) relative to UN. Hip ROM increased in the NP 
(p = 0.003) and BI (p = 0.001) conditions relative to UN.

Peak paretic limb knee flexion increased only in the P condition (p =
0.002) and knee ROM increased only in the P condition (p < 0.001) 
relative to UN (Fig. 2B).

There were no changes in paretic limb ankle kinematics with any 
assistance condition relative to UN (Fig. 2C). The average peak and ROM 
magnitudes for each joint are provided in Appendix A1 and additional 
linear mixed effects model details are provided in Appendix B1.

3.2. Paretic limb net joint moments

Peak paretic limb hip extensor moments increased in all powered 
conditions (P: p < 0.001; NP: p < 0.001; BI: p = 0.003) and peak hip 
flexor moments decreased in all powered conditions (P: p = 0.041; NP: p 

= 0.008; BI: p = 0.017) relative to UN (Fig. 3A). Similarly, hip extensor 
moment impulse increased in all powered conditions (P: p = 0.010; NP: 
p = 0.006; BI: p = 0.002) and hip flexor moment impulse decreased in all 
powered conditions (P: p < 0.001; NP: p = 0.001; BI: p = 0.001) relative 
to UN.

Peak paretic limb knee flexor moment increased in the BI condition 
(p = 0.026) and knee extensor moment impulse decreased in the P (p =
0.016) and NP (p = 0.050) conditions relative to UN (Fig. 3B).

Peak paretic limb plantarflexor moment increased in the P condition 
(p < 0.001), and peak dorsiflexor moment decreased in the NP condition 
(p = 0.041) relative to UN (Fig. 3C). Ankle dorsiflexor moment impulse 
decreased in all powered conditions (P: p = 0.010; NP: p = 0.002; BI: p =
0.033) relative to UN. The average peak joint moment and impulses for 
each joint are provided in Appendix A2 and additional linear mixed 
effects model details are provided in Appendix B2.

3.3. Net joint power and work

On the paretic limb, peak positive hip power decreased in the P (p =
0.038) and BI (p = 0.014) conditions relative to UN (Fig. 4A). Peak 
positive ankle power increased in all powered conditions (P: p = 0.002; 
NP: p = 0.019; BI: p = 0.036) (Fig. 4C) and positive ankle work increased 
in all powered conditions (P: p = 0.003; NP: p = 0.021; BI: p = 0.005) 
(Fig. 5A). On the nonparetic limb, positive hip work increased in the NP 
(p < 0.001) and BI (p = 0.034) conditions (Fig. 5A). Positive ankle work 
also increased in the NP condition (p = 0.034) (Fig. 5A). Negative hip 
work decreased only in the NP condition (p = 0.002), but negative knee 
work decreased in all powered conditions (P: p < 0.001; NP: p = 0.015; 
BI: p < 0.001) (Fig. 5B).

Overall, positive work of both legs increased in all powered condi
tions (P: p = 0.002; NP: p < 0.001; BI: p = 0.003) (Fig. 5A). Negative 
work of both legs decreased only in the P condition (p = 0.025) (Fig. 5B). 
The average peak power and work magnitudes for each joint are pro
vided in Appendix A3 and additional linear mixed effects model details 
are provided in Appendix B3.

3.4. Joint work distribution

The proportion of paretic hip positive work (i.e., relative to the total 
positive work of both legs) decreased in the NP condition (p = 0.005), 
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Fig. 2. Average paretic limb (A) hip flexion angle (B) knee flexion angle and (C) ankle plantarflexion angle for all assistance conditions. Shaded regions represent one 
standard deviation.
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whereas the proportion of nonparetic hip positive work increased in 
both the NP (p < 0.001) and BI (p = 0.027) conditions (Fig. 5A). The 
proportion of paretic knee positive work decreased in the P (p = 0.005) 
and NP (p = 0.024) conditions. The proportion of nonparetic ankle 
positive work decreased only in the BI condition (p = 0.030) (Fig. 5A).

The proportion of paretic hip negative work increased only in the NP 
condition (p = 0.036), whereas the proportion of nonparetic hip nega
tive work decreased in the NP condition (p < 0.001) (Fig. 5B). The 
proportion of paretic knee negative work did not change but the pro
portion of nonparetic knee negative work decreased in the P (p = 0.005) 
and BI (p < 0.001) conditions. The proportion of paretic ankle negative 
work increased in all powered conditions (P: p < 0.001; NP: p < 0.001; 
BI: p = 0.004) but the proportion of nonparetic ankle negative work 
increased only in the NP (p = 0.020) and BI (p = 0.017) conditions 
(Fig. 5B).

4. Discussion

The purpose of this study was to investigate how different hip 
exoskeleton limb assistance strategies affect lower-limb joint biome
chanics during walking for individuals post-stroke. We first hypothe
sized that BI assistance would best improve paretic limb late stance leg 
orientation and swing initiation, which was partially supported as BI 
assistance did not improve late stance leg orientation but improved peak 
hip flexion angle and ankle power in late stance. Second, we hypothe
sized that P assistance would best improve limb asymmetries, which was 
supported as paretic limb hip and ankle power increased without 
increasing nonparetic limb joint power. Finally, we hypothesized that 
NP assistance would indirectly improve P limb late stance leg orienta
tion, which was not supported.
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4.1. Paretic limb kinematics

Targeted hip joint assistance from the exoskeleton directly altered 
paretic limb hip kinematics, although flexion and extension assistance 
did not elicit similar responses. Peak hip flexion angle during swing 
increased in all powered conditions, suggesting the exoskeleton flexor 
torque successfully accelerated the leg into swing. However, hip 
extension angle was only affected in the P condition, which resulted in 
reduced magnitude and altered timing of peak extension relative to UN. 
Since the exoskeleton provided hip flexor torque during late stance for 
swing initiation, the timing of exoskeleton assistance may have decel
erated the leg while the hip continued extending in late stance. Since leg 
extension and step length are typically reduced for individuals post- 
stroke relative to healthy individuals (Peterson et al., 2010), exoskel
eton assistance timing should be carefully tuned to avoid adversely 
impacting peak hip extension.

Although hip extension was reduced in the P condition, kinematic 
improvements at the knee were observed, which may be advantageous 
for individuals exhibiting post-stroke stiff-knee gait. This impairment is 
characterized by reduced paretic knee flexion in swing (e.g., Akbas et al., 
2020; Lee et al., 2024) and may be mitigated by the observed increase in 
peak knee flexion angle and ROM in the P condition. Stiff-knee gait is 
also attributed to pre-swing deficits (e.g., Goldberg et al., 2003; Cam
panini et al., 2013; Bloks et al., 2025), and the exoskeleton flexor torque 
applied in this phase may help reduce these deficits, highlighting the 
potential of paretic limb exoskeleton assistance for post-stroke 
rehabilitation.

4.2. Paretic limb net joint moments

The consistent increase in paretic limb hip extensor moment across 

all powered conditions suggests that the exoskeleton effectively aided 
early-stance support. Uniarticular hip extensors, such as the gluteus 
maximus, are responsible for body support in early stance (e.g., 
Anderson and Pandy, 2003; Neptune et al., 2004) when the exoskeleton 
extensor torque is active, which suggests the exoskeleton extensor tor
que can augment the function of the hip extensors. Individuals post- 
stroke often have notable asymmetry and rely on their nonparetic 
limb for support (e.g., Chen et al., 2005; Balasubramanian et al., 2009), 
thus hip extension assistance may be beneficial for these individuals.

Conversely, net hip flexor moments significantly decreased in all 
powered conditions. The reduction in hip flexor moment may be 
partially explained by a reduction in hip flexor muscle output, including 
the rectus femoris (RF) muscle. Given that the biarticular RF plays a role 
in both hip flexion and knee extension, the reduction in knee extensor 
moment observed in the P and NP conditions further suggests reduced 
RF output. RF has been shown to be hyperactive in individuals post- 
stroke (e.g., Reinbolt et al., 2008; Tenniglo et al., 2014; Akbas et al., 
2019), thereby leading to stiff-knee gait characteristics. Additionally, RF 
contributes to mid-stance body support for individuals post-stroke 
(Higginson et al., 2006), so in the case of reduced RF output, the 
exoskeleton or other muscles, such as the ankle plantarflexors (e.g., 
Neptune et al., 2001; Anderson and Pandy, 2003), would need to 
compensate for the reduced support. Peak net ankle plantarflexor 
moment increased in the P condition, further suggesting the functional 
role of the plantarflexors may be increased.

Individuals post-stroke also demonstrate merged modular control 
(Clark et al., 2010), reflecting impaired coordination during gait. Some 
individuals have exhibited merged muscle modules composed of knee 
extensors and ankle plantarflexors (Clark et al., 2010), which highlights 
that impaired coordination between these muscle groups may be linked. 
Moreover, a reduction in RF and an increase in plantarflexor output 

Fig. 5. Joint (A) positive work and (B) negative work distributions across the paretic and nonparetic limbs. Total chart size is normalized by positive and negative 
magnitude of the strategy relative to UN, respectively. Black center circles represent the exoskeleton work. * represents significant differences in distribution and +
represents significant differences in magnitude relative to UN.
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would increase forward propulsion, as RF contributes to braking and the 
plantarflexors provide forward propulsion (Neptune et al., 2001), which 
is in agreement with previous studies that observed an increase in peak 
propulsive forces while wearing a hip exoskeleton (Pan et al., 2023). 
Healthy individuals have demonstrated reduced RF muscle activity with 
hip exoskeleton assistance (Lenzi et al., 2013), which aligns with the 
present reduction in hip flexor moment and highlights a potential 
response mechanism that can be translated to individuals post-stroke. 
However, healthy individuals also have reduced ankle plantarflexor 
activity with hip exoskeleton assistance (Lenzi et al., 2013), unlike the 
increased ankle plantarflexor moment observed in the present study, 
which may be more desirable for individuals post-stroke who have 
reduced plantarflexor output relative to healthy individuals.

4.3. Net joint work

The positive joint work distribution was highly asymmetric in all 
powered conditions, with most of the joint work done by the nonparetic 
limb. Previous studies have similarly observed increased nonparetic 
limb work (Peterson et al., 2011; Farris et al., 2015) and reduced paretic 
limb energetics (e.g., Chen et al., 2005; Hall et al., 2011) relative to 
healthy individuals. However, the joint work distribution became more 
asymmetric in the NP and BI conditions, with greater proportions of 
nonparetic hip positive work. Previous studies of unassisted walking 
have shown increased nonparetic hip muscle work for individuals post- 
stroke, even exceeding the work done by healthy individuals (Peterson 
et al., 2011). Therefore, further increases in nonparetic hip positive 
work observed with NP or BI assistance may not be suitable for in
dividuals with elevated nonparetic hip reliance. However, the reduced 
proportion of nonparetic ankle positive work in the BI condition may 
help reduce the notable propulsion asymmetries present in individuals 
post-stroke (Bowden et al., 2006; Roelker et al., 2019). Although the 
magnitude of paretic ankle positive work increased in all powered 
conditions, the peak paretic ankle moment only increased in the P 
condition. A post-hoc analysis of ankle angular velocity revealed that 
angular velocity increased for all conditions. Thus, increasing ankle 
power with an exoskeleton is driven predominantly by changes in ankle 
kinematics rather than ankle moment.

The distribution of negative joint work was more symmetric than 
positive joint work with roughly half of the negative work done by the 
paretic limb. The proportion of ankle negative work increased in both 
limbs in the NP and BI conditions and only the proportion of nonparetic 
ankle negative work increased in the P condition, which suggests a more 
distal redistribution of joint work and increased reliance on energy ab
sorption in stance.

Overall, total work across the lower limbs remained unchanged in all 
powered conditions relative to UN, but there was an increase in positive 
work for all powered conditions and a reduction in negative work in the 
P condition. The increase in positive work may reflect the additional 
work done by the exoskeleton without a notable reduction in overall 
muscular demand. Future modeling and simulation work is needed to 
understand how the exoskeleton influences individual muscle output 
that is reflected in net joint work. However, individuals post-stroke 
exhibit altered gait patterns that deviate from efficient gait mechanics, 
suggesting that gait mechanics may improve when walking under less 
constrained conditions (e.g., walking overground versus at a constant 
speed on a treadmill). Given that joint power is positively correlated 
with walking speed (Brincks and Nielsen, 2012; Wonsetler and Bowden, 
2017), the observed increase in positive work with exoskeleton assis
tance suggests that their overground walking speed may increase. This 
aligns with previous studies showing powered hip exoskeletons can in
crease overground self-selected walking speed for individuals post- 
stroke (Pan et al., 2023; Livolsi et al., 2025). Nevertheless, the in
crease in total positive work was predominantly driven by the non
paretic limb, especially in the NP and BI conditions.

4.4. Limitations & future work

The limited sample size of five participants makes these results 
difficult to generalize. Individuals post-stroke have high degrees of 
heterogeneity in their walking mechanics and motor impairments (Ap
pendix C), so future work should use larger sample sizes to improve 
generalizability. Another limitation is that the exoskeleton controller 
estimated gait phase kinematics, but individuals post-stroke exhibit 
asymmetries between limbs. Thus, the commanded torque timing may 
not have been optimal, and therefore future work should focus on 
determining the optimal controller for these individuals, as previous 
work has shown subject-specific controllers can improve performance 
compared to spline-based controllers (e.g., Zhang et al., 2017; Slade 
et al., 2024). The individuals were constrained to steady-state walking 
on the treadmill, so individuals may respond differently to exoskeleton 
assistance during overground walking. Although constraining the speed 
in the present study helped reduce variability, isolate joint-level re
sponses and allowed for consistent normalization to 100% of the gait 
cycle within individuals, it may limit generalizability to real-world 
walking conditions. The BI condition also utilized an equal assistance 
magnitude for both limbs. The insights into individual joint responses 
may help further the development of control schemes for bilateral hip 
exoskeletons. Further, the experimental net joint measures do not pro
vide insight into what role the exoskeleton and individual muscles play 
in contributing to biomechanical functions. Rather, the results highlight 
a response by the individuals wearing the device, so it is unclear if there 
are additional muscular compensations or interactions to the con
strained treadmill environment present to elicit the responses observed. 
Future work should aim to identify the role of the exoskeleton in 
improving biomechanical functions to further optimize exoskeleton 
assistance timing.

5. Conclusion

This study provided insight into the kinematic and kinetic responses 
of individuals post-stroke walking with different hip exoskeleton limb 
assistance conditions. These results suggest that paretic limb assistance 
may improve stiff-knee gait characteristics and promote symmetric joint 
work between limbs, but bilateral assistance may better help to reduce 
asymmetrical propulsion. Together, these results highlight the complex 
biomechanical responses of individuals post-stroke and emphasize the 
importance of tailoring exoskeleton assistance to improve walking 
performance.
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Appendix 

Appendix A1. Mean lower-limb joint angles ± one standard deviation. The mean percent increase from the unassisted (UN) condition is denoted in 
parentheses. Bold indicates a significant difference from the UN condition (p < 0.05)

Variable Unassisted (UN) Paretic 
limb (P)

Nonparetic limb (NP) Bilateral 
(BI)

Peak Joint Angle (◦) ​ ​ ​ ​
Hip Flexion 26.55 ± 8.55 30.41 ± 10.82 

(14.06%)
29.82 ± 7.83 
(12.51%)

31.53 ± 8.28 
(22.21%)

Extension 7.02 ± 7.62 3.44 ± 6.07 
(¡0.94%)

8.55 ± 6.86 
(3.53%)

8.15 ± 9.47 
(45.80%)

Knee Flexion 50.43 ± 11.26 54.86 ± 14.14 
(11.33%)

51.62 ± 10.36 
(3.71%)

52.68 ± 12.91 
(5.65%)

Extension 1.77 ± 9.28 0.98 ± 10.63 
(46.03%)

0.12 ± 11.43 
(49.22%)

0.94 ± 10.80 
(24.15%)

Ankle Plantarflexion 14.54 ± 6.90 13.64 ± 5.96 
(12.08%)

13.39 ± 5.97 
(11.58%)

13.46 ± 4.92 
(15.00%)

Dorsiflexion 8.98 ± 3.77 10.12 ± 4.22 
(27.33%)

9.54 ± 4.31 
(18.41%)

10.08 ± 4.85 
(20.34%)

Joint Range of Motion (◦) ​ ​ ​ ​
Hip 33.58 ± 6.85 33.85 ± 10.56 

(2.26%)
38.38 ± 7.61 
(11.12%)

39.68 ± 8.28 
(18.55%)

Knee 48.66 ± 13.88 53.88 ± 16.36 
(11.46%)

52.13 ± 11.24 
(6.20%)

50.46 ± 14.73 
(7.96%)

Ankle 23.52 ± 4.76 23.76 ± 5.53 
(1.74%)

22.70 ± 5.15 
(− 1.78%)

23.54 ± 5.11 
(− 1.04%)

Appendix A2. Mean lower-limb net joint moments ± one standard deviation. The mean percent increase from the unassisted (UN) condition is denoted in 
parentheses. Bold indicates a significant difference from the UN condition (p < 0.05)

Variable Unassisted (UN) Paretic 
limb (P)

Nonparetic limb (NP) Bilateral 
(BI)

Peak Joint Moment (Nm/kg) ​ ​ ​ ​
Hip Flexor 0.715 ± 0.138 0.627 ± 0.250 

(¡16.04%)
0.606 ± 0.256 
(¡21.63%)

0.613 ± 0.315 
(¡15.30%)

Extensor 0.295 ± 0.116 0.426 ± 0.199 
(40.40%)

0.415 ± 0.199 
(37.11%)

0.391 ± 0.201 
(22.74%)

Knee Flexor 0.223 ± 0.114 0.232 ± 0.141 
(2.19%)

0.255 ± 0.162 
(8.68%)

0.251 ± 0.146 
(12.36%)

Extensor 0.484 ± 0.191 0.456 ± 0.193 
(2.20%)

0.450 ± 0.194 
(− 0.12%)

0.483 ± 0.260 
(6.16%)

Ankle Plantarflexor 0.951 ± 0.264 1.04 ± 0.291 
(10.39%)

1.01 ± 0.268 
(2.43%)

0.988 ± 0.313 
(3.39%)

Dorsiflexor 0.041 ± 0.020 0.050 ± 0.029 
(23.89%)

0.034 ± 0.015 
(¡8.70%)

0.036 ± 0.028 
(− 7.48%)

Joint Moment Impulse (Nms/kg) ​ ​ ​ ​
Hip Flexor 0.312 ± 0.100 0.253 ± 0.120 

(–23.52%)
0.230 ± 0.118 
(¡28.11%)

0.244 ± 0.137 
(–23.16%)

​ Extensor 0.042 ± 0.025 0.058 ± 0.042 
(23.98%)

0.070 ± 0.057 
(40.80%)

0.067 ± 0.051 
(43.09%)

Knee Flexor 0.066 ± 0.074 0.065 ± 0.069 
(− 3.32%)

0.074 ± 0.076 
(1.82%)

0.068 ± 0.071 
(10.08%)

​ Extensor 0.210 ± 0.107 0.167 ± 0.095 
(¡17.39%)

0.150 ± 0.105 
(¡16.28%)

0.166 ± 0.116 
(− 11.04%)

Ankle Plantarflexor 0.430 ± 0.162 0.450 ± 0.172 
(8.55%)

0.431 ± 0.136 
(− 1.57%)

0.448 ± 0.211 
(2.76%)

​ Dorsiflexor 0.007 ± 0.003 0.006 ± 0.002 
(¡12.44%)

0.006 ± 0.001 
(¡17.95%)

0.006 ± 0.002 
(¡12.56%)
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Appendix A3. Mean lower-limb net joint power ± one standard deviation. The mean percent increase from the unassisted (UN) condition is denoted in 
parentheses. Bold indicates a significant difference from the UN condition (p < 0.05)

Variable Unassisted (UN) Paretic limb (P) Nonparetic limb (NP) Bilateral (BI)

Peak Joint Power (W/kg) ​ ​ ​ ​
Hip Positive 0.595 ± 0.263 0.843 ± 0.644 

(38.35%)
0.630 ± 0.293 
(− 4.47%)

0.762 ± 0.495 
(36.12%)

Negative − 0.611 ± 0.197 − 0.603 ± 0.256 
(17.01%)

− 0.784 ± 0.410 
(21.87%)

− 0.758 ± 0.491 
(33.54%)

Knee Positive 0.462 ± 0.141 0.505 ± 0.165 
(20.30%)

0.497 ± 0.147 
(18.16%)

0.544 ± 0.187 
(29.13%)

Negative − 0.756 ± 0.324 − 0.715 ± 0.468 
(− 9.21%)

− 0.649 ± 0.364 
(− 16.68%)

− 0.682 ± 0.371 
(2.35%)

Ankle Positive 0.791 ± 0.441 1.22 ± 0.907 
(44.10%)

1.02 ± 0.695 
(17.66%)

1.04 ± 0.741 
(28.18%)

Negative − 0.728 ± 0.304 − 0.806 ± 0.324 
(11.54%)

− 0.791 ± 0.325 
(7.95%)

− 0.805 ± 0.341 
(5.91%)

Joint Work (J/kg) ​ ​ ​ ​
Hip Positive 0.129 ± 0.053 0.177 ± 0.132 

(36.70%)
0.142 ± 0.089 
(− 6.56%)

0.155 ± 0.104 
(30.38%)

Negative − 0.134 ± 0.049 − 0.103 ± 0.075 
(− 27.66%)

− 0.162 ± 0.111 
(9.98%)

− 0.168 ± 0.149 
(12.65%)

Knee Positive 0.084 ± 0.024 0.077 ± 0.021 
(2.16%)

0.085 ± 0.023 
(5.72%)

0.088 ± 0.032 
(12.36%)

Negative − 0.187 ± 0.073 − 0.174 ± 0.092 
(− 10.98%)

− 0.149 ± 0.077 
(− 18.35%)

− 0.167 ± 0.089 
(− 0.55%)

Ankle Positive 0.078 ± 0.042 0.110 ± 0.077 
(30.04%)

0.100 ± 0.062 
(18.95%)

0.106 ± 0.072 
(29.06%)

Negative − 0.206 ± 0.069 − 0.217 ± 0.072 
(11.56%)

− 0.202 ± 0.061 
(1.01%)

− 0.210 ± 0.072 
(3.90%)

Appendix B1. Linear mixed effects model details for joint angle measures

Measure Linear mixed effects model p-value Random effects Condition Beta coefficients 
95% CI 

Follow-up 
t-test p-value

Standard deviation 95% CI 
Lower Upper

Lower Upper

Hip Angle Peak Flexion <0.001 7.96 4.26 14.85 UN 19.56 33.88 ​
​ ​ ​ ​ P 2.05 5.42 0.004
​ ​ ​ ​ NP 1.24 4.53 <0.001
​ ​ ​ ​ BI 2.98 6.31 <0.001

Peak Extension <0.001 6.58 3.52 12.30 UN 1.32 13.19 ​
​ ​ ​ ​ P − 4.52 − 1.61 0.002
​ ​ ​ ​ NP − 0.59 2.32 1.00
​ ​ ​ ​ BI − 0.81 2.21 1.00

ROM 0.003 6.65 3.53 12.54 UN 27.81 40.14 ​
​ ​ ​ ​ P − 1.28 3.74 1.00
​ ​ ​ ​ NP 1.26 6.23 0.003
​ ​ ​ ​ BI 2.86 8.07 0.001

Knee Angle Peak Flexion <0.001 11.20 6.00 20.88 UN 40.60 60.72 ​
​ ​ ​ ​ P 2.71 6.88 0.002
​ ​ ​ ​ NP − 0.61 3.57 0.197
​ ​ ​ ​ BI 1.86 6.40 0.620

Peak Extension 0.262 9.88 5.30 18.39 UN − 7.58 10.06 ​
​ ​ ​ ​ P − 1.45 1.26 ​
​ ​ ​ ​ NP − 2.28 0.43 ​
​ ​ ​ ​ BI − 2.48 0.23 ​

ROM <0.001 13.39 7.17 24.98 UN 37.13 61.21 ​
​ ​ ​ ​ P 2.85 8.31 <0.001
​ ​ ​ ​ NP − 0.31 5.14 0.247
​ ​ ​ ​ BI 1.05 6.51 0.100

Ankle Angle Peak Plantarflexion 0.365 5.21 2.79 9.73 UN 10.94 20.37 ​
​ ​ ​ ​ P − 3.34 − 0.80 ​
​ ​ ​ ​ NP − 3.30 − 0.85 ​
​ ​ ​ ​ BI − 3.32 − 0.87 ​

Peak Dorsiflexion 0.077 4.14 2.22 7.74 UN 4.30 11.79 ​
​ ​ ​ ​ P 1.00 3.37 ​
​ ​ ​ ​ NP 0.40 2.59 ​
​ ​ ​ ​ BI 0.72 2.69 ​

ROM 0.543 4.74 2.54 8.85 UN 19.42 27.97 ​
​ ​ ​ ​ P − 0.74 1.29 ​
​ ​ ​ ​ NP − 1.49 0.55 ​
​ ​ ​ ​ BI − 1.41 0.63 ​
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Appendix B2. Linear mixed effects model details for joint moment measures

Measure Linear mixed effects model p- 
value

Random effects Condition Beta coefficients 
95% CI 

Follow-up t-test p- 
value

Standard 
deviation

95% CI 
Lower Upper

Lower Upper

Hip Moment Peak Flexor <0.001 0.216 0.115 0.404 UN 0.527 0.918 ​
​ ​ ​ ​ P 0.002 − 0.139 0.041
​ ​ ​ ​ NP 0.000 − 0.185 0.008
​ ​ ​ ​ BI 0.000 − 0.156 0.017

Peak Extensor <0.001 0.174 0.093 0.324 UN 0.132 0.445 ​
​ ​ ​ ​ P 0.091 0.161 <0.001
​ ​ ​ ​ NP 0.095 0.164 <0.001
​ ​ ​ ​ BI 0.050 0.120 0.003

Flexor Impulse <0.001 0.106 0.056 0.198 UN 0.225 0.417 ​
​ ​ ​ ​ P − 0.096 − 0.040 <0.001
​ ​ ​ ​ NP − 0.116 − 0.060 0.001
​ ​ ​ ​ BI − 0.099 − 0.043 0.001

Extensor Impulse <0.001 0.038 0.020 0.071 UN 0.009 0.077 ​
​ ​ ​ ​ P 0.006 0.020 0.010
​ ​ ​ ​ NP 0.011 0.032 0.006
​ ​ ​ ​ BI 0.015 0.029 0.002

Knee Moment Peak Flexor 0.025 0.136 0.073 0.253 UN 0.103 0.346 ​
​ ​ ​ ​ P − 0.012 0.036 1.00
​ ​ ​ ​ NP 0.003 0.051 0.260
​ ​ ​ ​ BI 0.007 0.055 0.026

Peak Extensor 0.674 0.182 0.097 0.341 UN 0.308 0.640 ​
​ ​ ​ ​ P − 0.047 0.065 ​
​ ​ ​ ​ NP − 0.062 0.050 ​
​ ​ ​ ​ BI − 0.038 0.074 ​

Flexor Impulse 0.011 0.074 0.040 0.137 UN 0.002 0.133 ​
​ ​ ​ ​ P − 0.006 0.001 1.00
​ ​ ​ ​ NP − 0.001 0.006 0.608
​ ​ ​ ​ BI 0.001 0.007 0.287

Extensor Impulse 0.002 0.088 0.047 0.164 UN 0.136 0.296 ​
​ ​ ​ ​ P − 0.075 − 0.022 0.016
​ ​ ​ ​ NP − 0.083 − 0.030 0.050
​ ​ ​ ​ BI − 0.070 − 0.018 0.218

Ankle 
Moment

Peak Plantarflexor <0.001 0.273 0.147 0.508 UN 0.714 1.200 ​
​ ​ ​ ​ P 0.050 0.115 <0.001
​ ​ ​ ​ NP − 0.006 0.058 0.855
​ ​ ​ ​ BI 0.016 0.080 0.938

Peak Dorsiflexor <0.001 0.018 0.010 0.035 UN 0.026 0.059 ​
​ ​ ​ ​ P − 0.003 0.010 1.00
​ ​ ​ ​ NP − 0.015 − 0.003 0.040
​ ​ ​ ​ BI − 0.013 − 0.001 0.531

Plantarflexor 
Impulse

0.016 0.157 0.084 0.292 UN 0.284 0.564 ​
​ ​ ​ ​ P 0.002 0.050 0.114
​ ​ ​ ​ NP − 0.033 0.014 0.617
​ ​ ​ ​ BI − 0.010 0.037 0.868

Dorsiflexor Impulse <0.001 0.001 0.001 0.003 UN 0.005 0.008 ​
​ ​ ​ ​ P − 0.001 0.000 0.010
​ ​ ​ ​ NP − 0.002 − 0.001 0.002
​ ​ ​ ​ BI − 0.001 − 0.000 0.033
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Appendix B3. Linear mixed effects model details for joint power measures

Measure Linear mixed effects model p-value Random effects Condition Beta coefficients 
95% CI 

Follow-up 
t-test p-value

Standard deviation 95% CI 
Lower Upper

Lower Upper

Hip Power Peak Positive <0.001 0.322 0.171 0.606 UN 0.297 0.889 ​
​ ​ ​ ​ P 0.042 0.263 0.038
​ ​ ​ ​ NP − 0.129 0.084 1.00
​ ​ ​ ​ BI 0.077 0.296 0.014

Peak Negative 0.150 0.233 0.122 0.446 UN − 0.797 − 0.346 ​
​ ​ ​ ​ P − 0.180 0.074 ​
​ ​ ​ ​ NP − 0.319 − 0.067 ​
​ ​ ​ ​ BI − 0.262 − 0.004 ​

Positive Work 0.002 0.076 0.041 0.144 UN 0.062 0.203 ​
​ ​ ​ ​ P 0.024 0.081 0.053
​ ​ ​ ​ NP − 0.026 0.029 1.00
​ ​ ​ ​ BI 0.004 0.060 0.127

Negative Work 0.005 0.078 0.041 0.146 UN − 0.207 − 0.064 ​
​ ​ ​ ​ P − 0.001 0.051 0.093
​ ​ ​ ​ NP − 0.057 − 0.004 0.469
​ ​ ​ ​ BI − 0.044 0.009 1.00

Knee Power Peak Positive 0.068 0.089 0.045 0.176 UN 0.357 0.543 ​
​ ​ ​ ​ P − 0.007 0.137 ​
​ ​ ​ ​ NP 0.016 0.157 ​
​ ​ ​ ​ BI 0.049 0.191 ​

Peak Negative 0.082 0.329 0.175 0.617 UN − 1.044 − 0.443 ​
​ ​ ​ ​ P − 0.060 0.137 ​
​ ​ ​ ​ NP 0.011 0.209 ​
​ ​ ​ ​ BI − 0.093 0.107 ​

Positive Work 0.538 0.019 0.010 0.036 UN 0.064 0.100 ​
​ ​ ​ ​ P − 0.010 0.012 ​
​ ​ ​ ​ NP − 0.007 0.014 ​
​ ​ ​ ​ BI − 0.003 0.018 ​

Negative Work 0.033 0.073 0.039 0.137 UN − 0.264 − 0.131 ​
​ ​ ​ ​ P 0.010 0.048 0.536
​ ​ ​ ​ NP 0.024 0.063 0.051
​ ​ ​ ​ BI 0.008 0.048 1.00

Ankle Power Peak Positive <0.001 0.665 0.357 1.24 UN 0.262 1.451 ​
​ ​ ​ ​ P 0.186 0.384 0.002
​ ​ ​ ​ NP 0.041 0.238 0.019
​ ​ ​ ​ BI 0.066 0.263 0.036

Peak Negative 0.131 0.290 0.155 0.542 UN − 0.981 − 0.456 ​
​ ​ ​ ​ P − 0.151 − 0.001 ​
​ ​ ​ ​ NP − 0.143 0.006 ​
​ ​ ​ ​ BI − 0.108 0.041 ​

Positive Work <0.001 0.061 0.033 0.115 UN 0.030 0.140 ​
​ ​ ​ ​ P 0.013 0.029 0.003
​ ​ ​ ​ NP 0.005 0.021 0.021
​ ​ ​ ​ BI 0.012 0.028 0.005

Negative Work 0.011 0.067 0.036 0.126 UN − 0.265 − 0.144 ​
​ ​ ​ ​ P − 0.030 − 0.003 0.202
​ ​ ​ ​ NP − 0.010 0.017 1.00
​ ​ ​ ​ BI − 0.019 0.008 0.813
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Appendix C1. Individual subject average hip flexion angles for all conditions

0 20 40 60 80 100

0

10

20

S1

0 20 40 60 80 100
-10

0

10

20

30 S2

0 20 40 60 80 100

-10

0

10

20

30 S3

0 20 40 60 80 100
-20

-10

0

10

20

30

40 S4

0 20 40 60 80 100
0

10

20

30

40

50 S5

H
ip

 F
le

xi
on

 A
ng

le
 (D

eg
re

es
)

% Gait Cycle

UN P NP BI

K.M. Stewart et al.                                                                                                                                                                                                                             Journal of Biomechanics 201 (2026) 113259 

11 



Appendix C2. Individual subject average hip flexor moments for all conditions
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Appendix C3. Individual subject average hip power for all conditions
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