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Abstract

Background: Millions of people around the world experience post-stroke hemiparesis, making
it difficult to move one side of the body. Hemiparesis impairs an individual’s muscle strength
and coordination which limits gait speed, efficiency, and endurance and contributes to reduced
community participation. These limitations in strength and control also negatively impact
balance, leading to a high prevalence of instability, falls, and fall-related injuries. Assistive
technologies like powered exoskeletons that apply torques to the hips in the sagittal plane (hip
flexion and extension) and frontal plane (hip abduction and adduction) may benefit both gait
efficiency and stability in hemiparetic populations.

Methods: In this study, we investigate the impact of exoskeleton-delivered frontal and sagittal
plane hip torque in eight individuals with hemiparesis. Participants completed two-minute
walking bouts on an instrumented treadmill with no exoskeleton, and then with the exoskeleton
applying phase-based flexion and extension assistance. They then completed a series of
abduction torque trials, in which they walked with the exoskeleton-supplied sagittal-plane
assistance for 10 strides, and then sagittal-plane assistance and constant abduction torque for
10 strides. The abduction torque series consisted of four levels of abduction torque, each
repeated 5 times, in random order

Results: Compared to steady-state walking without the exoskeleton, the application of sagittal
plane torques significantly increased propulsive forces at push-off for the non-paretic limb by
0.83 £ 0.32% BW (p =0.0373) and had little impact on step width or margin of stability. In the
transient period following onset, hip abduction torques significantly increased step width by
0.053 = 0.011 m (adjusted p < 0.025) and margin of stability for the paretic and non-paretic
limb by 0.039 = 0.006 m (adjusted p < 0.025) and 0.014 * 0.004 m (adjusted p = 0.01),
respectively. These outcomes are correlated with the level of abduction assistance.
Conclusion: These results provide initial evidence supporting the use of a hip exoskeleton to
impact foot placement, margin of stability, and propulsion in individuals with hemiparesis,
which may benefit both gait efficiency and stability.
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Background

Each year, more than ten million individuals around the world suffer a stroke (1). Many of
these individuals develop hemiparesis, which limits the strength and control of one side of the
body (2,3). The resulting asymmetric gait is slower, less efficient, and less stable than the gait
of healthy individuals (4-6). These limitations substantially increase the metabolic cost of
transport and lead to an increased rate of falls and fall-related injury (7-10). Due in part to
these limitations, individuals with hemiparesis have decreased community mobility, quality of
life (11-13), and life expectancy (14). Improving the gait speed, efficiency, and stability of
individuals with hemiparesis may have significant health benefits.

Walking speed and metabolic cost of transport of individuals with hemiparesis may improve
by augmenting strength and power of the paretic limb in the sagittal plane. In hemiparetic
populations, greater positive power generation of ankle plantarflexors and hip extensors (15)
along with hip extensor strength (16) is linked to increased walking speed. Similarly, ankle
plantarflexion and hip extension moments during the toe-off phase of the gait cycle generate an
anterior ground reaction force that propels the body forward (i.e., propulsive force) (17-19).
This anterior ground reaction force is directly related to forward motion of the body’s center of
mass and is correlated with walking speed in hemiparetic populations (20,21). Thus,
augmenting the paretic limb strength, power, or anterior ground reaction force may increase
walking speed. An increase in walking speed may also benefit the metabolic cost of hemiparetic
gait. Hemiparetic walkers with faster self-selected walking speeds (2.5-4 km/h) use less
metabolic energy per distance traveled than those with slower self-selected speeds (1-2.5
km/h)(22). Moreover, within individuals with hemiparesis, increasing gait speed decreases the
metabolic costs of transport for (23,24). Thus, both walking speed and metabolic efficiency
may be positively impacted by increasing the anterior ground reaction force through
augmenting paretic limb strength or power.

Individuals with hemiparesis have poor medio-lateral balance (7). These individuals rely on

the hip abductors and adductors to maintain equilibrium during dynamic and postural tasks



(25-27). By controlling the frontal-plane torque of the stance limb, individuals with hemiparesis
can shift their center of mass with respect to their center of pressure to reduce torso sway and
improve stability (28). Alternatively, frontal-plane torques applied by the hip of the swing leg
control foot placement, which can impact stability during lateral stepping strategies (27,29).
Unfortunately, individuals with hemiparesis have weakened hip muscles of the paretic limb
(2,30) and longer reaction time following a perturbation (27,29). This lack of hip strength and
control makes balance more challenging and may contribute to the high prevalence of falls in
hemiparetic populations (7,8). In addition, individuals may compensate for the lack of hip
strength on the paretic limb with increased demands on the non-paretic hip (29). Therefore,
augmenting the strength and control of both hips in the frontal plane may improve stability.

Powered exoskeletons are an emerging technology that may improve hemiparetic gait
efficiency and stability by using their actuators to augment the residual strength and
coordination of the paretic limb. These devices use motors, batteries, and intelligent control
algorithms to apply external forces and torques to aid joint motion. They can function as gait
trainers to supplement existing physical therapy routines (31-35) or can be worn while
performing an activity to augment an individual’s baseline abilities (36). Recently, devices that
generate sagittal plane torques to augment the ankle (37-39), knee (40), or hip (41-44) have
made functional improvements in hemiparetic mobility. Notably, devices acting on just the
paretic (44) or both the paretic and non-paretic hips (42,43) have increased stride length and
walking speed, while devices acting at the ankle have decreased the metabolic cost of transport
(37,39).

These studies indicate the potential for exoskeletons to improve gait speed and efficiency in
hemiparetic populations, but that alone is not sufficient for clinical translation. Exoskeletons
have yet to improve hemiparetic stability (45), which is critical for reintegration into the
community following a stroke. However, growing evidence suggests that hip exoskeletons that
act in the frontal plane can affect foot placement in healthy individuals, potentially improving

stability. Hip exoskeletons that generate frontal-plane hip torque (abduction or adduction) can



change step width (increase and decrease, respectively) in young adult populations during
steady-state walking (46-48). Recent work in healthy individuals has also demonstrated that
hip exoskeletons can generate frontal-plane torque to modulate step width during perturbed
walking (49). These studies provide initial evidence that frontal-plane hip torques applied to
healthy individuals can alter foot placement and may positively impact stability during steady-
state and perturbed walking. However, previous studies have not yet established a relationship
between the magnitude of frontal-plane torque and immediate changes in foot placement or
measures of stability. This information is critical to developing control algorithms that
intelligently apply hip torque to alter foot placement and reduce the risk of falls. Crucially, to
the best of our knowledge, no studies have demonstrated the effectiveness of exoskeleton-
mediated frontal-plane assistance in individuals with hemiparesis, who often respond differently
to interventions than those without motor impairment. Therefore, it is unclear whether frontal-
plane hip torques can increase lateral foot placement and margin of stability in individuals with
hemiparesis.

The goal of this study was to explore the steady-state effect of phase-based flexion and
extension assistance generated by a portable hip exoskeleton on hemiparetic walking, and the
transient effects of adding a constant abduction torque to the sagittal-plane assistance. Our
central hypothesis is that hip abduction torque will increase step width and margin of stability,
while sagittal plane torques will increase propulsive force. To test this hypothesis, we measured
the foot placement and full body kinematics and kinetics of individuals with hemiparesis while
receiving hip torques applied by an exoskeleton and compared these results to the same
subjects walking without the exoskeleton. We applied a sagittal-plane assistive torque profile
and evaluated its effect on propulsive force during steady-state walking. We tested multiple
levels of hip abduction torque to closely assess the relationship between frontal-plane torque
and immediate changes in step width and margin of stability. As a secondary outcome, we
quantified the change in the biological energy generated by the lower-limb joints. Quantifying

the effect of hip assistance on gait stability and propulsion in individuals with hemiparesis could



lead to the effective translation of interventions such as portable exoskeletons, which provide
immediate benefits for this population by increasing mobility and quality of life.
Methods

A. Participants

We recruited eight individuals with hemiparesis (3 female, 5 male; body weight 75 + 7.5

kg; age 47 + 18 years; height 1.71 = 0.066 m; mean * standard deviation, see Table 1).
Participant inclusion criteria included the following: age between 18 and 85 years, hemiparesis
for at least 6 months since onset, and the ability to walk on a treadmill for 6 minutes.
Participants were excluded from the study if they were over 250 lbs., had a cognitive deficiency
that precluded the ability to give informed consent, were pregnant, or had a co-morbidity that
interfered with the study. All subjects were at least 5 years post-stroke. Four subjects had
hemiparesis of the left limb, while the other four had hemiparesis of the right limb. The study
was conducted with the approval of the Institutional Review Board of the University of Utah
(Utah IRB #120712). All subjects provided informed consent and consented to the
dissemination of pictures and videos.

B. Exoskeleton Device

Subjects in this study wore a bilateral hip exoskeleton (Fig. 1 a, b) that generates hip flexion
and extension (sagittal-plane) torque, and hip abduction and adduction (frontal-plane) torque
(46,50). The exoskeleton weighs 5.9 kg and leverages a parallel mechanism to generate up to
30 Nm of torque in both the frontal and sagittal planes. Each hip actuator is connected proximal
to the user’s hips via a pelvis interface that consists of a lumbar wrap (Ottobock) and rigid, 3D-
printed bars. These bars transfer forces and torques generated by the exoskeleton to the user’s
torso and pelvis. The actuators are connected to the thigh through a cuff with passive degrees
of freedom (51) to improve comfort and reduce spurious forces and torques (52,53). The
exoskeleton controller generates Gaussian-shaped flexion and extension torques and a constant
abduction torque. As described in previous work, two adaptive frequency oscillators
independently estimate the cadence from each leg's thigh angle (51) The peak hip flexion angle

is considered the start of the gait cycle. This method has demonstrated an error of less than 2%



in the gait phase estimate (51). The sagittal-plane assistance comprises a flexion torque
Gaussian profile and an extension torque Gaussian profile, each independently controlled for
each side. The experimenters tuned the magnitude, width, and timing of these torque profiles
to each subject. The experimenter adjusted these parameters to maximize the exoskeleton
power based on the online estimates observed in the GUI. The hip abduction torque was applied
continuously. Data from the exoskeleton device was recorded at 500 Hz. Additional information
regarding the design and control of the device can be found in prior work (46). Performance
metrics for the exoskeleton are reported in the Supplementary Material (Fig. S 1).

C. Motion Capture Volume

Subjects in this study walked on a split-belt instrumented treadmill with instrumented
handrails (Bertec Fit 5) within a 12-camera Vicon motion capture volume (Vicon Motion
Systems, Centennial, CO, USA). We placed retroreflective markeis (14 mm diameter, Vicon
Motion Systems, Centennial, CO, USA) on the study participants, following a modified Plug-in-
Gait marker set (54). This marker set included additional thigh and shank markers to improve
tracking performance. Since the exoskeleton obscured the greater trochanter, we removed this
marker from the set (Fig. 1a). No markers were placed on any moving parts of the exoskeleton.
Prior to capturing experimental data, the subjects performed a static calibration pose (Vicon
Nexus 2.1, Vicon Motion Systems, Centennial, CO) and a dynamic calibration motion (SCORE
and SARA) to localize the hip and knee joint centers (55,56). Marker trajectories were recorded
at 200 Hz while force and torque data from the instrumented treadmill and handrails were

recorded at 1000 Hz.

D. Protocol

At the start of the experiment, the subjects changed into tightly fitted clothing and donned
a safety harness to prevent falls. Retroreflective markers were placed, and the motion capture
calibration routines were performed. The subjects walked on the split-belt instrumented
treadmill for a few minutes while the speed gradually increased until they identified their
comfortable walking speed. We recorded subjects’ walking baselines at this comfortable speed

for 2 minutes (No Exoskeleton condition, see supplementary video, Additional File 1).



Each subject then donned the bilateral exoskeleton for a short tuning session. The subject
walked at their comfortable speed while the experimenter adjusted the timing and width of the
sagittal plane torque profile for first the non-paretic and then the paretic limb. The
experimenter adjusted these parameters to maximize a live estimate of the exoskeleton positive
power, as positive power from a hip exoskeleton is associated with reduced energy expenditure
from the biological hip (57). The experimenter then increased the magnitude of the peak torque
from a starting value of 5 Nm until the participant began to develop a marching gait. The
average peak torque magnitudes varied from 0.07 Nm/kg to 0.11 Nm/kg. Once an appropriate
sagittal plane tuning was identified, the subject rested briefly before performing the motion
capture calibration routines with the exoskeletons.

We then recorded the subject walking with the exoskeleton sagittal plane torque, along with
five levels of abduction torque: 0 Nm/kg (Sagittal Only), 0.05 Nm/kg (Low), 0.083 Nm/kg
(Medium), 0.117 Nm/kg (High), and 0.15 Nm/kg (Very High) (Fig. 1, supplementary video,

Additional File 1). The abduction torque profile was selected through pilot testing with a
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hemiparetic individual, in which a constant bilateral abduction torque profile produced greater
changes in step width than Gaussian abduction torque profiles centered on either stance or
swing phase, or a constant abduction stiffness profile. The maximum abduction torque was
based on the participant’s subjective comfort during pilot testing, and the number of levels was
chosen to establish a dose-response relationship between abduction torque and step width. In
all conditions, the subject walked at their comfortable speed for at least 3 minutes. The subject
began each trial receiving only sagittal-plane torque. After at least 10 strides, the exoskeleton
applied a constant bilateral abduction torque which initially turned on at 85% of the gait cycle
of the non-paretic limb (mid-swing phase, Fig. 1 c). The subjects continued walking for at least
10 strides while the exoskeleton applied both sagittal-plane torque and the constant frontal-
plane torque. Subjects were not warned when the abduction torque would begin, and the order
of appearance of the abduction conditions was pseudo-randomized. Each of the Low to Very
High conditions was tested at least five times to reliably capture the immediate response to
frontal-plane assistance.

As many participants had limited experience walking on a treadmill, they were instructed to
lightly hold the instrumented handrails. We recorded handrail forces in x, y, and z directions to
compare reliance on the handrails across experimental conditions. Subjects who could not hold
the handrail with their paretic hand wore a sling to prevent their hand from hitting the motion
capture markers. Subjects were instructed to walk normally in all conditions.

E. Data Processing

For each subject and trial, recorded marker trajectories, ground reaction forces and
torques, and handrail forces were filtered at 6 Hz (58). The forces and exoskeleton data were
down-sampled to match the frequency of the markers at 200 Hz. Joint positions and torques
were calculated in Visual 3D and imported into MATLAB. Joint power was calculated by
multiplying the joint velocity in the respective plane by the corresponding joint torque. Similar
to prior work (59-61), the biological hip torque and power were defined as the hip torque and

power directly calculated from Visual 3D minus the exoskeleton torque and power, respectively.



Data for the paretic and non-paretic limb and exoskeleton actuators were segmented by the
corresponding heel strikes and transformed to the gait phase domain. We extracted the last 50
strides of the No Exoskeleton and Sagittal conditions, along with the first 10 strides following
abduction torque onset from each of the five trials for the Low to Very High conditions. We
focused our analysis on this period to understand the potential to immediately impact step width
and margin of stability, which may benefit stability and reduce the chance of falls in hemiparetic
populations. To reduce the impact of handrail use on the outcome measures, a threshold was
set as the magnitude of the mean non-paretic handrail force during the No Exoskeleton trial
plus 5% of the magnitude of the subject’s body weight (i.e., the weight of an individual’s arm
(62)). For the exoskeleton conditions, strides with a mean magnitude of the handrail resultant
force exceeding the threshold magnitude were removed from the data analysis. Additionally,
strides containing crossover steps were removed from the kinetic analysis. We extracted the
primary outcome measures and kinematic and kinetic data from the remaining strides.

The primary outcome measures are the average step width during double support (47,63),
the average paretic and non-paretic margin of stability during double support (64), and the
maximum anterior ground reaction force for the paretic and non-paretic limbs (20) (Fig. 1 d).
The maximum anterior ground reaction force was chosen as the primary propulsion metric
because it is the metric most strongly associated with walking speed in post-stroke individuals
(20). These metrics were calculated for each stride and then averaged across strides for each
subject and condition. In this analysis, the paretic margin of stability was calculated during the
double support phase immediately following paretic heel strike. In contrast, the non-paretic
margin of stability corresponded to the second double support phase following paretic heel
strike. Margin of stability was calculated as the distance between the extrapolated center of
mass and the most lateral foot marker of the corresponding limb (e.g., paretic foot marker for
paretic margin of stability) (64). Step width was calculated as the lateral distance between the
heel markers (47,63). Extrapolated COM (xCOM) displacement was calculated as the
difference between the maximum and minimum values of the lateral component of the xCOM

during double support.



Kinematic and kinetic measures reported in the gait-phase domain were constructed from
averaging the strides for each condition, subject, and limb. These averages were then pooled
across subjects to construct group averages and standard errors for each condition. Similar to
the primary outcomes, kinematic and kinetic measures for secondary outcomes were calculated
per stride and then averaged per condition, subject, and limb. The total limb energy was
calculated by adding together the total positive energy across the gait cycle of the hip in the
frontal and sagittal planes, the knee in the sagittal plane, and the ankle in the sagittal plane.
The trailing limb angle was calculated as the angle between a line extending from the pelvis
center of mass to the fifth metatarsal at the moment of peak anterior ground reaction force
(65).

F. Statistics

Statistical analysis of primary and secondary outcomes was conducted in Matlab
(MathWorks). For steady state outcomes (paretic and non-paretic propulsion), we used paired
ttests to compare the sagittal plane assistance to the No Exoskeleton condition. For the
transient outcomes (step width, paretic and non-paretic margin of stability), we used a mixed
effects linear model with random intercept to compare statistical differences between the
sagittal plane assistance condition and each of the other five conditions, similar to prior work
(60,66,67). This model correctly accounted for the repeated measures of each subject due to
the different experimental conditions. In the mixed effects models, the six conditions were
included in the model as a categorical variable. Comparing the sagittal assistance condition to
each of the other conditions resulted in 5 comparisons, after which the Pvalues were adjusted
following the Holm method (68). For transient outcomes, a second mixed effects linear model
with random intercept was fit to the five exoskeleton conditions, with condition treated as a
continuous variable equal to the level of abduction torque, which varied from 0.0 Nm/kg
(Sagittal condition) to 0.15 Nm/kg (Very High condition). We report the linear model. The
sample size was determined using a statistical power analysis based on pilot tests that estimated

the change in step width caused by frontal-plane exoskeleton torque.



To quantify the speed of the human reaction, we analyzed the number of reactive heel strikes
(i.e., steps) necessary to reach a statistically significant increase in step width for the four
exoskeleton conditions with abduction torque greater than zero (i.e., Low to Very High
conditions) following the Cumulative Sum Control Chart (i.e., CuSum) method (47,69,70). This
method used the 20 steps prior to the application of frontal-plane torque to determine a baseline
and standard deviation for the step width from which significant variations could be determined.
Like prior work, we set the control limit to 3 standard deviations and the mean shift to 1 (47).
We also reported the number of steps necessary to achieve the steady state (i.e., mean value)
in step width after the application of abduction torque. These metrics were performed per
subject, condition, and trial, and then averaged to create a mean and standard error estimate
for each condition. These two tests were performed on subjects who were able to achieve a
steady state response different from their baseline.

Descriptive statistics are provided for additional kinematic and kinetic outcomes. Among
others, these included measures of hip torque in the frontal and sagittal planes, joint energy,
stance knee flexion, and stance knee extension moment. All reported primary and secondary
outcomes are presented as mean * standard error unless otherwise stated.

Results



A. Propulsion

Fig. 2 shows the effect of steady-state sagittal-plane assistance on the non-paretic and
paretic propulsion and trailing limb angle. Sagittal-plane assistance significantly increased non-
paretic propulsion from 14.5 = 1.6 % BW to 15.4 = 1.8 % BW (p = 0.0373). Paretic propulsion
did not significantly change between the No Exoskeleton (7.95 * 1.3 % BW) and Sagittal (8.62
+ 1.5 % BW) conditions. The trailing limb angle increased slightly with the sagittal-plane
assistance. Non-paretic trailing limb angle increased from 13.8 + 2.1° in the No Exoskeleton
condition to 14.3 £ 1.8° in the Sagittal condition. Paretic trailing limb angle increased slightly

more, from 7.5 + 2.6° to 8.3 + 2.6°.

B. Transient Response
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Fig. 2 (Top) Peak propulsion on the non-paretic (left) and paretic (right) limbs. (Bottom) Trailing limb
angle for the nonparetic (left) and paretic (right) limbs. The plots show condition means (bars),
standard error (error bars), and subject means (dots). Significant differences (a = 0.05) are shown in
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Analysis of the transient behavior for step width indicates that changes in the step width
occur rapidly after the application of abduction torque (Fig. 3). Abduction torque was applied
after the 10t® stride (i.e., 20t step) and led to a rapid increase in step width. Following prior
work (47), the minimum number of steps necessary to elicit a significant change from baseline
for the Low, Medium, High, and Very High conditions are 3.18 + 0.23, 2.79 * 0.22, 2.74 = 0.20,
and 2.34 * 0.16 indicating that significant increases in step width occurred faster at higher
levels of abduction torque. The mean number of steps needed to achieve the mean change for
the step width for the Low, Medium, High, and Very High conditions is 2.48 = 0.10, 3.16 = 0.39,
3.22 * 0.37, and 2.88 * 0.39 (mean step * standard error) which suggests that more steps may
be needed to reach the mean change in step width during Medium and High conditions.

Based on these results, we analyzed the change in step width and margin of stability in the
first three strides following the application of frontal-plane torque. The primary outcome
measures of this study (step width, paretic and non-paretic margin of stability) were smallest

in the No Exoskeleton condition (0.126 + 0.022 m, 0.127 * 0.014 m, and 0.091 + 0.006 m,



respectively) (Fig. 4). None of these outcome measures significantly changed between the No
Exoskeleton and Sagittal conditions. The outcome measures reached their highest values in the
Very High condition (step width: 0.180 £ 0.023 m; paretic margin of stability: 0.168 = 0.015 m;
non-paretic margin of stability: 0.112 £ 0.007 m). Step width significantly increased from the
Sagittal condition to the Medium and above abduction torque levels. Paretic margin of stability
significantly increased from the Sagittal condition to the Low and above abduction torque
levels. Non-paretic margin of stability significantly increased from the Sagittal condition to the
High and above abduction torque levels. The step width and paretic and non-paretic margin of
stability showed the largest increase between the No Exoskeleton and the Very High condition
(0.061 = 0.011 m, 0.040 £ 0.006 m, 0.024 = 0.004 m, respectively; mean difference + standard
error; adjusted p < 0.001).

On average, the step width, paretic and non-paretic margin of stability, and non-paretic
propulsion significantly increased with increasing abduction assistance. These outcomes are
linearly correlated with the level of abduction torque. The slope and intercept corresponding to
the fixed effects of the linear mixed effects model are reported in Fig. 4.

C. Kinematic and Kinetic Measures

Kinematics and kinetics for the hip are shown in Fig. 5 and for the ankle and knee joints in
Fig. 6. A qualitative description of the hip, knee, and ankle kinematics and kinetics is reported
in the text below. Additional descriptive statistics are provided for the joints in the

supplementary materials (Table S III, Table S IV).



The mean frontal-plane hip angle decreased between the No Exoskeleton and Very High
condition (Fig. 5). The magnitude of the biologic abduction hip moment was similar between
the No Exoskeleton and Sagittal conditions and decreased with increasing exoskeleton
abduction torque. In contrast, the frontal-plane energy injected by the biological hip (i.e.
integral of positive power) increased from the No Exoskeleton to Sagittal conditions but
decreased with abduction torque, reaching the lowest value in the Very High condition.

In the sagittal plane, maximum flexion and extension angles for the hip remain relatively
unchanged across the six conditions. In contrast, the biologic hip extension torque for both the
paretic and non-paretic limbs was largest in the No Exoskeleton condition, decreased in the
Sagittal condition, and was lowest for the paretic limb in the Very High condition, and for the
non-paretic limb in the Low condition. The biologic hip flexion torque was highest in the Sagittal
condition and lowest for the paretic limb in the Very High condition and for the non-paretic limb
in the Medium condition. A notable decrease in the biologic moment and power occurs between
the No Exoskeleton and the five exoskeleton conditions (i.e., Sagittal to Very High condition) at
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about 60-80% of the gait cycle, which is likely caused by the application of exoskeleton flexion
torque. The energy injected by the biological hip in the sagittal plane decreased from the No
Exoskeleton to Sagittal conditions and was lowest in the Very High.

Kinematics and kinetics for the paretic and non-paretic knee in the sagittal plane are shown
in Fig. 6. Notably, stance knee flexion (i.e., knee flexion during the first half of the gait cycle)
increases from No Exoskeleton to the Very High condition for both the paretic and non-paretic
limb. The increase in stance knee flexion is mirrored by an increase in extension moment
occurring at the same time. The energy injected by the paretic and non-paretic knee increased
from No Exoskeleton to the Sagittal condition and was relatively constant for the remaining
conditions. Across the six conditions, the maximum plantarflexion and dorsiflexion angles
remain relatively unchanged. The maximum plantarflexion moment for the paretic and non-
paretic ankle increased slightly from the No Exoskeleton condition to the five exoskeleton

conditions. The non-paretic peak ankle power slightly increased from the No Exoskeleton
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condition to the Sagittal condition. Similarly, the energy injected by the non-paretic ankle
increased from the No Exoskeleton condition to the Sagittal condition. Paretic ankle power and
energy remained consistent across conditions.

The biologic energy injected by the paretic and non-paretic limb (i.e., integral of positive
power) varied with exoskeleton assistance (Table S III, Table S IV). The paretic limb biologic
energy injection was similar between the No Exoskeleton and Sagittal condition (0.343 + 0.041
J/kg and 0.336 = 0.038, respectively) and lowest in the Very High condition (0.309 = 0.040
J/kg). The non-paretic biologic energy injection increased between the No Exoskeleton and
Sagittal condition (0.634 = 0.036 J/kg and 0.702 + 0.073 J/kg, respectively) but was lowest in
the Very High condition (0.622 + 0.035 J/kg).

The center of mass and extrapolated center of mass displacement decreased from the No
Exoskeleton to the Sagittal condition (Fig. 7). The application of frontal-plane torque slightly
increased the center of mass displacement from the No Exoskeleton condition to the Very High
condition which was more pronounced in the extrapolated center of mass.

Discussion

Exoskeletons are emerging technologies with the potential to improve mobility for hundreds

of millions of individuals with physical disability. In this paper, we explore the impact of sagittal

and frontal-plane hip torques applied by a bilateral exoskeleton on individuals with hemiparesis.
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Our results show that applying sagittal hip assistance torques with a portable exoskeleton
significantly increased the propulsive force at push-off for the non-paretic limb, but not the
paretic limb. Applying hip abduction torque significantly increased the step width and the
paretic and non-paretic margin of stability (adjusted p < 0.05), and these outcomes correlate
linearly with the magnitude of the torque. Cumulatively, the results of this study show, for the
first time, that a portable hip exoskeleton can change step width while improving propulsion.
Increasing step-width may improve stability against lateral perturbations, while improving
propulsion may result in increased walking speed (42) and reduced metabolic effort (39).

Step width and margin of stability are key indicators of balance and stability (71,72). These
metrics change significantly with age (73), mobility disorders (74-77), and during a
perturbation (78,79). At baseline, the mean and standard error of the step width were similar
to normative data for individuals with hemiparesis(77). As with prior work with non-paretic
populations (49,61,80), we demonstrate that applying sagittal-plane hip torques does not
significantly change the step width Fig. 4. In contrast, applying hip abduction torque
significantly increases the step width from the Sagittal condition to the Medium, High, and Very
High abduction torque conditions. Margin of stability increased for both the paretic and non-
paretic limb, indicating increased resistance to perturbation impulses from either direction.
Furthermore, a mixed cffects linear model indicates that step width and margin of stability are
positively correlated with the level of applied abduction torque. This observation contrasts with
prior studies using a bilateral exoskeleton with an admittance controller, which found that step
width tended to reach a plateau at high stiffness levels (47). However, a direct comparison is
difficult due to the subject population and the inability to compare admittance stiffness to
abduction torque. The linear relationship identified in this work links the magnitude of hip
abduction torques generated by an exoskeleton to critical stability measures, informing the
design and control of exoskeletons intended for balance augmentation.

The increase in step width resulting from abduction torques is consistent with experiments
on healthy controls that applied the torque throughout the gait cycle or only during the swing

phase, which reported changes in step width of approximately 0.05-0.08 m (47,49,50). In



contrast, studies exploring the application of abduction torque during only the stance phase
had inconsistent effects on step width (46) and reduced the margin of stability (81). The
decrease in margin of stability found in healthy populations may be related to an increase in
center of mass displacement with little to no increase in step width, which differs from this
study which indicated that continuously applied abduction torques lead to large increases in
step width compared to relatively small changes in center of mass excursion (Fig. 4, Fig. 7).
These comparisons, though confounded by the subject populations, indicate that the timing of
exoskeleton abduction torque may influence its effect on both step width and margin of stability.

Changes in the paretic and non-paretic margins of stability likely result from differences in
the step width. The step width during double support was similar between the No Exoskeleton
and Sagittal conditions (0.126 * 0.022 m compared to 0.127 * 0.024 m) and increased with
increasing abduction torque (Fig. 4Error! Reference source rot found.). The largest increase
from the No Exoskeleton condition was 0.061 += 0.011 m and occurred in the Very High
condition. The extrapolated center of mass displacement also increased with abduction
assistance, though to a lesser extent (maximuin increase of 0.016 * 0.011 m from No
Exoskeleton) (Fig. 7). Thus, increases in step width and by extension, the base of support, are
likely the primary contributor to the increases in margin of stability rather than decreases in
center of mass motion. Future work should evaluate whether an exoskeleton can improve the
margin of stability by reducing the extrapolated center-of-mass displacement in hemiparetic
individuals and compare that with step-width increases.

Step width changes relatively quickly following the application of abduction torques. On
average, these changes begin during the stride in which the abduction assistance is applied and
are statistically different from baseline within four steps or less, which matches prior work with
healthy controls (47) (Fig. 3). The average number of reactive heel strikes necessary to elicit a
change in the outcome measures was 3.18 = 0.23 for the Low condition and 2.34 £ 0.15 for the
Very High, indicating that larger torque tended to cause a faster change in outcome measures.
In contrast, the number of steps necessary to achieve the mean change in outcome measure

increased from the Low condition (2.48 = 0.10) to the Very High Condition (2.88 = 0.39),



indicating that, while changes in step width may have occurred faster at larger levels of
assistance, the increase in step width meant that it took longer to achieve the mean value. While
step width increases with abduction assistance, further studies are needed to determine
whether this increase is sufficient to improve stability and balance in response to perturbations.
Studies with hemiparetic and healthy populations indicate that lateral perturbations increase
step width by about 0.05 m and margin of stability by 0.006 m to 0.012 m (78,79). In this study,
the increase in step width from the No Exoskeleton condition exceeded 0.05 m in the Very High
condition, while the increase in margin of stability exceeded 0.012 m in the Medium, High, and
Very High conditions. However, in this study, subjects performed unperturbed walking and
were not instructed to modify their gait in response to exoskeleton applied torque. Thus, future
studies must determine whether changes in step width and margin of stability are faster or
greater when subjects receive coaching or exoskeleton assistance during perturbation.
Although this work indicates that abduction torques can impact margin of stability in
hemiparetic gait, the increase in margin of stability should be interpreted only as an increase
in the instantaneous mechanical stability of thie subjects, not an improvement in their
physiological ability to modulate their balance. By determining the abduction torque required
to increase step width, these results can inform the design of future reactive controllers that
aim to strategically enhance the mechanical stability of hemiparetic users, for example, right
after a lateral perturbation occurs.

Propulsive force during late stance increases walking speed and efficiency in hemiparetic
populations. The propulsive force propels the center of mass forward during level walking and
is influenced by the ankle plantarflexion and hip flexion (17-19). Studies with hemiparetic
populations indicate that walking speed is correlated with propulsive force (21). Moreover, the
use of a bilateral hip exoskeleton in hemiparetic populations increased walking speed and
propulsion (42) while a unilateral ankle exoskeleton improved metabolic cost of walking and
the paretic limb propulsion (39). At baseline, the magnitude and variability of the paretic and

non-paretic propulsion of our participants were roughly in line with previous studies (39,42).

The application of sagittal-plane hip torques significantly increased the propulsive force (i.e.,



anterior ground reaction force) between the No Exoskeleton and Sagittal condition for the non-
paretic limb (i.e., 14.5 £ 1.6% BW to 15.4 = 1.8 % BW, 5.6% increase, p = 0.0373) (Fig. 2). The
increase in non-paretic limb propulsive force between the Sagittal and No Exoskeleton
condition (0.81% BW) matches the largest increase found using a bilateral hip exoskeleton
(0.75% to 0.99% BW) (42). The propulsive force also increased for the paretic limb, but the
difference was not significant (i.e., 8.0 = 1.3% BW to 8.6 = 1.5 % BW, 8.4% increase, p =
0.0573). This change falls within the range found using a bilateral hip exoskeleton (increase of
0.60%-1.25% BW)(42). The effect of sagittal-plane assistance on paretic limb propulsion may
have been confounded by the effect of ankle-foot orthoses (AFOs) worn on the paretic ankle by
two of the participants. While participants without AFOs experienced a mean increase in paretic
limb propulsion of 1.1 = 0.1% BW, the two participants wearing AFOs experienced a decrease
in paretic limb propulsion of 0.06 and 1.1% BW. The AFO’s restriction on ankle motion, or the
specific motor deficits that necessitate its use, may influence participants’ ability to convert hip
assistance into propulsive force at the foot. On the other hand, increase in paretic limb
propulsion among non-AFO users approaches the increase found using a unilateral ankle
exoskeleton (increase of 1.27% BW) (39), which suggests it may be a viable alternative for this
population. For both the paretic and non-paretic limbs, the increase in propulsion may be
explained by the increase trailing limb angle, as prior work posits (65). Previous work with
exoskeletons that improve propulsion has also improved walking speed (42) and metabolic cost
(39) in hemiparetic populations, suggesting that the current exoskeleton may also benefits
hemiparetic gait speed and efficiency.

Decreased positive energy and power generated by the biological lower-limb joints have
been linked to increased walking efficiency. Studies with ankle and hip exoskeletons indicate
that a reduction in the positive biological energy (i.e., integral of positive power) or power per
stride can lead to a reduction in the metabolic cost of transport in adults and clinical populations
(61,82,83). On the paretic side, we found that the total limb energy decreased in response to
sagittal plane assistance, primarily driven by a reduction in hip energy in the sagittal plane. On

the non-paretic side, sagittal plane assistance again reduced hip energy in the sagittal plane.



However, we also observed an increase in positive energy at the ankle joint, which offset the
reduction in hip energy. As a result, the total limb energy increased on the non-paretic side.
The observed difference in ankle energy between the two limbs may be responsible for the
difference in limb propulsion, which increases on the non-paretic side, but not on the paretic
side. Interestingly, when the exoskeleton provides frontal-plane torque in addition to sagittal-
plane torque, the total biological energy of both limbs decreases, largely due to the reduction
in frontal-plane hip energy which decreases by 0.018 J/kg on the paretic side and 0.013 J/kg on
the non-paretic side. As a result, when comparing the No Exoskeleton condition to the Very
High abduction torque condition, the paretic total biological limb energy decreased from 0.343
+0.041 J/kg to 0.309 £0.040 J/kg, while the non-paretic total biological limb energy remained
about the same, at 0.634 +=0.036 J/kg and 0.622 =0.035 J/kg, respectively. By concurrently
increasing propulsion and reducing positive biological limb energy, an exoskeleton that applies
both frontal- and sagittal-plane hip torques could improve the metabolic efficiency of individuals
with paresis. Future studies should directly measure metabolic cost to test this hypothesis.

Individuals with hemiparesis have weakened muscles of their paretic limb (2,3,30) which
may negatively impact balance and gait efficiency. Exoskeletons used for rehabilitation often
aim to increase muscle strength. In contrast, exoskeletons used for mobility assistance, like the
one used in this study, can improve performance through amplifying a user’s ability. In this
study, exoskeleton hip torques decreased the peak biologic moment of the paretic and non-
paretic hip in the frontal and sagittal planes (Fig. 5, Fig. 6, Table S III, Table S IV). Because
these changes occurred while walking at the same gait speed, they suggest that a hip
exoskeleton may be able to increase the user’s walking endurance, the total walking distance,
or the maximum walking speed.

Individuals with hemiparesis often suffer from knee hyperextension which may lead to knee
injury and pain (84-86). Prior work with hemiparetic individuals showed that gait training with
an exoskeleton that generated hip flexion torques during that stance phase of walking lead to
decreases in knee hyperextension (35). In contrast, this study suggests that the simultaneous

application of hip extension torque and hip abduction torque can increase stance knee flexion



(Fig. 6, Table S III) while also increasing propulsion. Moreover, maximum knee extension
decreases with increasing abduction torque (Table S III). Thus, the application of hip abduction
torques should be considered when aiming to decrease knee hyperextension.

Limitations

In this study, abduction torque was added to the sagittal-plane assistance, as we envision
real-world hip exoskeletons continuously supplying sagittal-plane torque to improve walking
speed (42-44) and possibly reduce effort, and discontinuously supplying frontal-plane torque to
improve response to perturbations. As a result, this study was not able to assess the impact of
device weight or the effect of pure abduction torque on hemiparetic gait. Based on current
exoskeleton literature, we expect that the added exoskeleton weight would increase the
metabolic cost of walking with minimal effects on gait kinematics.

Individuals with hemiparesis are a heterogeneous group., and responses to a given
intervention may vary with their specific presentation. We did not assess participants’ motor
impairment, muscle strength, spasticity, or joint ranige of motion out of concern that additional
experimental time would fatigue participants. However, these metrics would provide deeper
insights into how hemiparetic presentation affects the response to exoskeleton assistance.

Participants had limited experience with treadmill walking. For safety, they were instructed
to lightly hold the handrail, which was instrumented with 3D force sensors. As handrail use
could affect participants’ propulsion, foot placement, or center-of-mass displacement, we
discarded strides in which the mean total handrail force increased by more than 5% body weight
from the No Exoskeleton condition. The average force exerted on the handrail by all subjects
was 6.5 = 0.8% BW (Table S II, Very High condition), which is approximately the weight of the
arm (62) and less than the force exerted by hemiparetic individuals on canes (87).
Conclusion
This article demonstrates, for the first time, that a portable bilateral hip exoskeleton that
simultaneously applies frontal- and sagittal-plane hip torque can significantly increase step
width, margin of stability of the paretic and non-paretic limb, and non-paretic limb propulsion

in eight individuals with hemiparesis. These metrics are critical components of stability and gait



efficiency. The increase in the stability metrics is strongly correlated with the level of abduction

torque. This work provides a foundation for future studies that intentionally alter propulsion or

foot placement to improve gait efficiency and stability as needed to enhance mobility for
hundreds of millions of individuals with hemiparesis.
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Supplementary Materials

A. Exoskeleton Performance

The exoskeleton used in this study applied torque in both the frontal and sagittal planes
(Fig. S 1). During all exoskeleton conditions, the exoskeleton applied an extension torque to the
paretic and non-paretic limb (paretic: 0.078 = 0.006 Nm/kg which occurred at 23.1 = 1.7% of
the gait cycle; non-paretic: 0.092 + 0.007 Nm/kg which occurred at 27.6 = 0.8% of the gait
cycle). The exoskeleton also applied flexion torque during all exoskeleton conditions (paretic:
0.108 = 0.013 Nm/kg which occurred at 64.4 = 1.5 % of the gait cycle, non-paretic: 0.102 *
0.009 Nm/kg which occurred at 68.6 + 0.8% of the gait cycle). The maximum flexion angle was
largest for the Sagittal condition (paretic: 40.2 = 2.7°; non-paretic: 45.4 + 3.0°) and smallest in
the Very High condition (paretic: 31.6 + 3.7°; non-paretic: 38.5 + 4.0°). The maximum extension
angle was largest in the Low condition (paretic: 14.1 * 2.8°; non-paretic: 12.9 * 4.9°) and
smallest in the Very High condition (paretic: 7.0 = 3.0°; non-paretic: 5.2 £ 5.2°).

Frontal-plane torques were set at a constant abduction level and smallest in the Sagittal
condition (paretic: 0.0 = 0.0 Nm/kg; non-paretic: 0.0 = 0.0 Nm/kg) and largest in the Very High
condition (paretic: 0.152 = 0.001 Nm/kg; non-paretic: 0.150 = 0.001 Nm/kg). Abductions
torques decreased the exoskeleton average adduction angle, which was largest in the Sagittal
condition (paretic: 12.5 + 2.9°; non-paretic: 7.2 £ 2.0 °) and smallest (i.e. most abducted) in the

Very High condition (paretic: -6.5 = 3.4°; non-paretic: -13.9 = 1.0° degrees adduction).



The table on the following page summarizes the exoskeleton behaviors

Table S I Summary of Exoskeleton Performance

Experimental Conditions, Values are reported as mean *

standard error

Sagittal Low Med High Very High
Mean Abduction 12.5+2.9 -7.5+3.6 -2.9+3.8 1.5 +3.7 5.9 +3.4
Angle (°)
Mean Abduction 0.000 0.051 0.084 0.118 0.152
Torque (Nm/kg) +0.000 +0.000 +0.001 +0.001 +0.001
Max Sagittal 405,57 354427 34526 31.7+2.6 31.0+3.4
(Flexion) Angle (°)
Paretic . .
Min. Sagittal
Actuator (pyroncio A e ey 112%24 14128 11424 9827 7.2 £3.0
(Fllvla?‘ S?%lttal 0.108 0.100 0.095 0.095 0.101
exion) lorque +0.012 +0.010 +0.009 +0.007 +0.010
(Nm/kg)
. lg’lln-.sangttal 0.074 0.078 0.074 0.073 0.077
(Extension) Torque +0.005 +0.006 +0.006 +0.006 +0.007
(Nm/kg)
Mean Abduction 7.2 +1.9 0.4 +1.8 5.9 +1.8 9.9 +1.2 13.0 1.0
Angle (°)
Mean Abduction 0.000 0.051 ).084 0.118 0.150
Torque (Nm/kg) +0.000 +0.000 +0.001 +0.001 +0.001
Max Sagittal 45.4+30 39.1+44 369+3.7 359+51 38.7+3.8
Non- (Flexion) Angle (°)
Paretic Min. Sagittal \
Actuator (Extension) Angle (7 10-9#3.7  13.0£48 10340 9957 4.7 +4.9
Fllvla.x Sa‘%lttal 0.086 0.090 0.094 0.097 0.102
(Flexion) Torque +(0.004 +0.004 +0.005 +0.007 +0.008

(N /Teer)

B. Main Outcome Measures and Center of Mass Displacement
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Fig. S 1 Exoskeleton (top) joint angle and (bottom) estimated torque for the paretic and non-paretic
actuators segmented heel strike to heel strike. Hip flexion and hip adduction are positive. The plots
show the condition means (solid lines) and standard error (shaded region).



The following table summarizes the main outcome measures and the center of mass and

extrapolated center of mass mediolateral (ML) displacement.

Table S IT Summary of Main Outcome Measures

Experimental Conditions, Values are reported as mean * standard erro

No Exo.  Sagittal Low Med High X‘fé}yl
) 0.126 0.127 0.147 0.158 0.18(
Step Width (m) ;5550 +0.024  +0.017  =+0.020 0-166%0.020 455,
Center of Mass
ML 0.054 0.053 0.056 0.057 0.05¢
Displacement ~ +0.008  +0.008  +0.006  +0.006 0-0967£0.007 4 4q
(m)
Extrapolated
Cente{v[‘fMaSS 0.108 0.104 0.115 0118 §19040011 0121
. +0.013  +0.013  +0.008  #0.011 0120 %0. +0.00
Displacement
(m)
Margin of
I 0.127 0.129 0.150 0.153 0.16¢
Paretic Stabl(lr‘fl‘)y' ML 40014  +0.014  +0.012  +0.01a 0-160%0.014 /54
Limb Propulsion (%
P ® 8013 8615 9016 92+15 8.7 +1.6 8.3 %1
Margin of - -
I 0.091 0.097 0.103 0.106 0.11z
Non- — Stability, ML, 6006 #0.009  20.007 ~ x0.007 0-109*0.007 4 g9
Paretic (m)
Limb Pmp‘élj\};’n % 145+16 154+1.8 163+1.9 163+1.8 16.6+1.9  17.0 +I

Mediolateral (ML), and Body Weight (BW)

C. Kinematics and Kinetic Measures

The tables on the following pages summarize measures of the kinematics and kinetics for the 8

subjects and 6 experimental conditions.



Table S III Summary of Paretic Limb Kinematic and Kinetics

Experimental Conditions, Values are reported as mean * standard
error

Very
No Exo. Sagittal Low Medium High High
Mear(‘c,’)*ngle 2.0+1.9 26+1.8 -04+18 -1.1+1.8 -1.6+2.0 -3.0=1.9
Mean Torque  -0.265 -0.201 -0.182 -0.134 -0.098 -0.036
(Nm/kg) +0.025  +0.028  +0.024  +0.022  +0.027  +0.021
Frontal.  Min. Torque  -0.675 -0.738 -0.571 -0.517 -0.491 -0.404
Plane Hip (Nm/kg) +0.057  +0.061  +0.046  +0.040  +0.056  +0.038
(Adduction  Max Power 0.138 0.163 0.151 0.142 0.132 0.111
Positive) (W/kg) +0.024  +0.025  +0.021  +0.026  +0.019  +0.015
Min. Power  -0.245 -0.277 -0.251 -0.237 -0.252 -0.209
(W/kg) +0.040  +0.038  +0.038  +0.063  +0.046  +0.034
Total Positive  0.033 0.042 0.037 0.033 0.029 0.024
Energy (J/kg)  +0.006  +0.008  +0.008  +0.009  +0.006  +0.005
Max Angle (°) 30.0 +2.2 302 +2.1 302 2.6 306 £2.8 305 3.1 3L.1 £33
Min. Angle (°) -7.3 4.3 -9.2 +4.1 -9.7+3.6 -8.5+3.9 -7.9+3.3 -6.7+3.8
Max Torque 0.639 0.647 0.635 0.637 0.615 0.568
(Nm/kg) +0.103  +0.094  +0.076  +0.081  +0.068  +0.067
Sagittal- Min Torque -0.315 -0.313 -0.293 -0.293 -0.293 -0.283
Plane Hip (Nm/kg) +0.040  +0.044  +0.048  +0.034  +0.043  +0.029
(Flexion  Max Power 0.723 0.711 0.674 0.654 0.635 0.588
Positive) (W/kg) +0.154  +0.142  +0.120  +0.124  +0.127  +0.112
Min. Power  -0.387 -0.421 20,452 -0.484 -0.394 -0.407
(W/kg) +0.096  +0.101  +0.116  +0.130  +0.095  +0.108
Total Positive ~ 0.159 0.133 0.122 0.124 0.119 0.115
Energy J/kg)  +0.020  +0.017  +0.014  +0.017  +0.016  +0.015
Min. Stance -11.8 -13.0 -14.4
Angle (°)  -9.5+3.4 -7.6+3.7 -8.9+3.0  +3.4 +3.6 +3.0
Max Angle (°) 3.7 42.7 5.6 +3.0 5327 57+27 45+29 4.6 +2.8
Max Torque 0.284 0.296 0.283 0.325 0.362 0.361
, (Nm/kg) +0.065  +0.062  +0.060  +0.069  +0.078  +0.085
Plsaigeltlgll(;e Min. Torque ~ -0.418 -0.473 -0.473 -0.505 -0.486 -0.480
(Bxtonsion (Nm/kg) +0.087  +0.086  +0.089  +0.087  +0.086  +0.081
Positive)  Max Power 0.385 0.405 0.381 0.452 0.447 0.474
(W/kg) +0.049  +0.042  +0.040  +0.039  +0.056  +0.043
Min. Power  -0.584 -0.597 -0.559 -0.557 -0.554 -0.542
(W/kg) +0.118  +0.101  #0.107  +0.101  +0.110  +0.095
Total Positive  0.065 0.074 0.072 0.087 0.085 0.086
Energy J/kg)  +0.009  +0.008  +0.007  +0.008  +0.011  +0.009
Max Angle (°) 132 +2.2 134 +2.2 131 %22 12.7 2.1 126 *2.1 11.9=1.9
Min. Angle (°)  -11.2 11.7 12.1 11.3 -10.9 10.5
+4.0 +4.1 +4.2 +4.2 +4.1 +4.1
, Max Torque 0.088 0.089 0.085 0.079 0.063 0.059
Sagittal- (Nm/kg) +0.029  +0.029  +0.026  +0.019  +0.017  +0.015
iflg‘; Min. Torque  -1.032 -1.073 -1.054 -1.079 -1.066 -1.047
(Dorsiflex (Nm/kg) +0.070  +0.073  +0.078  +0.081  +0.082  +0.077
on Max Power 0.803 0.821 0.795 0.841 0.779 0.739
Positive) (W/kg) +0.208  +0213  +0.210  +0.220  +0.208  +0.189
Min. Power  -0.603 -0.661 -0.606 -0.594 -0.577 -0.508
(W/kg) +0.100  +0.123  #0.115  +0.100  +0.122  +0.096
Total Positive  0.085 0.086 0.085 0.095 0.086 0.085
Energy (J/kg)  +0.022  +0.024  +0.024  +0.028  +0.025  +0.024
Tower Positive 0.343 0.336 0.316 0.339 0.320 0.309
Limb Energy (J/kg)  +0.041  +0.038  +0.038  +0.047  +0.040  +0.040
Resultant 1.4 +0.6 1.4 +0.6 1.7 £0.8 1.6 +0.7 2.0 0.9 1.9 +0.9
Mean of (%BW)
ﬁbegutﬁ X (%BW) 0.5+0.3 0.6 +0.3 0.6+04 0.6+04 0.7+04 0.6=+0.3
andral Y (%BW)  0.3+0.1 03+0.1 04+0.1 04+0.1 04+02 0.4+02

Force



Table S IV Summary of Non-Paretic Limb Kinematic and Kinetics

Experimental Conditions, Values are reported as mean + standard

error

Very
No Exo Sagittal Low Medium High High
Mean Angle
) 1.1+13 -05*1.7 -23%15 -39=%1.7 -44+16 -53=1.5
Mean Torque  -0.425 -0.410 -0.364 -0.317 -0.289 -0.236
(Nm/kg) +0.028  +0.024  *0.033  +0.037  +0.041 +0.039
Frontal-  Min. Torque  -0.948 -0.932 -0.884 -0.826 -0.768 -0.713
Plane Hip (Nm/kg) +0.046  +0.036  *0.056  +0.054  +0.068  +0.056
(Adduction  Max Power 0.363 0.421 0.412 0.410 0.356 0.325
Positive) (W/kg) +0.055  +0.050  *0.045  +0.044  +0.043  +0.041
Min. Power -0.330 -0.378 -0.463 -0.488 -0.440 -0.392
(W/kg) +0.051 +0.043  +0.051 +0.059  +0.053  +0.048
Total Positive  0.054 0.063 0.066 0.057 0.053 0.050
Energy (J/kg)  +0.009  +0.010  *0.004  +0.003  +0.005  +0.005
Max Angle (°) 37.3 2.8 38.7 £3.1 36.7 +2.4 38.0 2.7 37.1 +2.1 37.4 x2.4
Min. Angle (°) -10.7 -12.0 -11.2 -10.0
-9.0 3.4 +3.5 +2.7 -9.9 +3.3 +2.6 +3.1
Max Torque 0.540 0.575 0.555 0.509 0.534 0.523
. (Nm/kg) +0.113  +0.103  *0.085  +0.098  +0.083  +0.072
Pslgggtg;) Min Torque  -0.614 -0.599 -0.553 -0.587 -0.563 -0.586
(Extonsion (Nm/kg) +0.058  +0.055  *0.057  +0.054  +0.063  +0.059
Positive) Max Power 0.850 0.868 0.758 0.764 0.720 0.728
(W/kg) +£0.124  +0.107  +0.100  +0.105  +0.100  +0.081
Min. Power -0.395 -0.403 0.362 -0.321 -0.379 -0.375
(W/kg) +0.110  +0.099  *0.076  +0.084  +0.101 +0.084
Total Positive  0.269 0.246 0.225 0.232 0.224 0.225
Energy (J/kg)  +0.044 ~ +0.048  +0.050  +0.048  +0.044  +0.042
Min. Stance 182 -18.9 21.6 22.3 23.1 -23.2
Angle (°) +2, +2.7 +2.8 +2.8 +2.6 +2.9
Max Angle (°) -2.5+3.2 -1.1#32 -1.4%32 -1.5%3.3 -1.6+3.1 -2.8+3.3
Max Torque 0.424 0.495 0.540 0.544 0.548 0.518
‘ (Nm/kg) +0.068  +0.085  +0.094  +0.091 +0.106  +0.097
poogittal - Min, Torque  -0.291 -0.333 -0.347 -0.355 -0.340 -0.330
(Floxion (Nm/kg) +£0.034  +0.042 +0.052 +0.058  +0.053  *0.049
Positive) Max Power 0.459 0.626 0.643 0.709 0.680 0.628
(W/kg) £0.100  +0.116  +0.128  +0.135  +0.142 +0.119
Min. Power -0.900 -0.897 -0.933 -0.922 -0.855 -0.869
(W/kg) +£0.098  +0.101 +£0.099  +0.089  *0.085  +0.072
Total Positive ~ 0.092 0.130 0.129 0.140 0.130 0.119
Energy (J/kg)  +0.014  +0.025  +0.024  *0.024  +0.025  +0.022
Max Angle (°) 18.3 £1.9 19.1 #1.7 19.2 +2.0 19.1 1.8 19.2 +1.7 19.5 +1.9
Min. Angle (°) -10.3
9.6 +3.4 +3.3 9.9 +33 -8.6 +3.3 -8.3+3.4 -8.1+3.3
, Max Torque 0.063 0.075 0.050 0.050 0.041 0.046
Sagittal- (Nm/kg) +0.011 +0.016 +0.009 +0.007 +0.005 +0.008
ilrﬁ?lg Min. Torque -1.347 -1.412 -1.417 -1.403 -1.396 -1.377
(Dorsiflexi (Nm/kg) +£0.073  +0.092 +0.077  +0.081 +0.074  +0.069
on Max Power 2.108 2.462 2.199 2.170 2.102 2.190
Positive) (W/kg) +0.365  +0.473  +0.337  +0.350  +0.337  +0.348
Min. Power -0.597 -0.739 -0.664 -0.678 -0.638 -0.620
(W/kg) +0.093  +0.083  *0.089  +0.096  +0.095  +0.100
Total Positive ~ 0.219 0.262 0.236 0.225 0.225 0.228
Energy (J/kg)  +0.038  +0.060  +0.036  +0.037  +0.039  +0.038
Lower Positive 0.634 0.702 0.656 0.655 0.633 0.622
Limb Energy (J/kg) +0.036 +0.073 +0.037 +0.043 +0.031 +0.035
Resultant 4.3 +0.8 4.9 +0.7 5.5+0.8 5.6 +0.8 6.3 +0.8 6.5=+0.8

NMaoaan nf

(0L AT



D. Supplementary Video

Please find a supplementary video, titled Additional File 1.mp4, in the additional files
section.
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