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Abstract
Background: Previous research has shown that body weight support (BWS) has the potential to improve gait speed 
for individuals post-stroke. However, body weight support also reduces the optimal walking speed at which energy use 
is minimized over the gait cycle indicating that BWS should reduce walking speed capability.

Methods: Nonimpaired subjects and subjects post-stroke walked at a self-selected speed over a 15 m walkway. Body 
weight support (BWS) was provided to subjects at 0%, 10%, 20%, 30%, and 40% of the subject's weight while they 
walked overground using a robotic body weight support system. Gait speed, cadence, and average step length were 
calculated for each subject using recorded data on their time to walk 10 m and the number of steps taken.

Results: When subjected to greater levels of BWS, self-selected walking speed decreased for the nonimpaired subjects. 
However, subjects post-stroke showed an average increase of 17% in self-selected walking speed when subjected to 
some level of BWS compared to the 0% BWS condition. Most subjects showed this increase at the 10% BWS level. Gait 
speed increases corresponded to an increase in step length, but not cadence.

Conclusions: The BWS training environment results in decreased self-selected walking speed in nonimpaired 
individuals, however self-selected overground walking speed is facilitated when provided with a small percentage of 
body weight support for people post-stroke.

Background
Locomotor disability remains a major obstacle to com-
munity function in persons with chronic post-stroke
hemiplegia. This disability is best characterized by a
reduced gait speed that is observed in the majority of per-
sons with post-stroke hemiplegia and has been shown to
be correlated with other parameters such as balance, use
of walking aids, number of falls, and ability to perform
activities of daily living [1]. Rehabilitation programs often
tackle the challenge of gait training post stroke with one
or more interventions that include overground gait train-
ing, body weight support treadmill training (BWSTT),
and/or strength training [2]. For example, body weight
support has been utilized over a treadmill with the goal to
unload a percentage of body mass and provide external
support so that weight shifting, balance and stepping can

be guided by the clinician at regulated speeds [3]. A pri-
mary motivation of this particular therapeutic method is
to improve gait speed for people post stroke [4]. However,
there is limited literature that explores how overground
walking speed is altered while subjected to the body
weight support environment for people post stroke dur-
ing walking.

For people with an intact nervous system, supporting a
percentage of body weight during walking would theoret-
ically slow gait speed due to the minimization of energy
expenditure across the gait cycle optimally occurring at a
lower speed [5-7]. The determination of this optimal
comfortable walking speed depends on several factors
such as leg length, limb stiffness, and body load [8]. Sub-
sequently, energy expenditure occurs optimally at a
reduced speed as a result of reduced body load [8].

Despite the biomechanical evidence that a reduced
speed for a nonimpaired person might occur while sub-
jected to body weight support during walking, there are
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possible reasons why walking speed for someone with
post-stroke hemiplegic gait might be facilitated during
the BWS condition. For instance, since an individual with
hemiplegia due to stroke injury walks with a slow speed,
the reduction in net body weight could allow for a greater
ability to propel the body forward when there is a weak-
ness in one of the legs since there is a direct relationship
between preferred walking speed and paretic leg propul-
sive impulse [9,10]. Additionally, increases in walking
speed often correspond to a larger proportion of the gait
cycle spent in single stance [11]. Body weight support
would relieve loading on legs during the single support
phase allowing an individual with stroke to remain in that
phase longer and lessen the amount of time in double
stance [11]. Finally, one of the primary motivations of
body weight support treadmill training is the assumption
that it facilitates the rhythmic spinal neuron pools for
people post stroke [12]. Since the motor output of these
central pattern generators is shaped by afferent feedback
[13], BWSTT is hypothesized to promote improved walk-
ing function through the repetitive input of task-specific
sensory feedback [14].

In summary, biomechanical evidence suggests that
reduced speed might occur when subjected to body
weight support during walking for a nonimpaired person,
but an increased walking speed might occur for someone
with post-stroke hemiplegic gait. We tested these predic-
tions by exploring changes in self selected walking speed
when subjected to body weight support for these two
populations. We hypothesized that self selected walking

speed for nonimpaired subjects would show a decreasing
trend with increasing levels body weight support. In con-
trast, subjects post stroke would show an increase in self
selected walking speed at some level of body weight sup-
port when compared with walking overground with no
body weight support.

Methods
Subjects
Eleven neurologically nonimpaired subjects aged 40-72
(mean = 50, SD = 9) and twelve subjects aged 27-68
(mean = 52, SD = 12) presenting with chronic stroke con-
sented to participate in this study. Relevant criteria for
recruitment of nonimpaired subjects were as follows:
over 40 years in age, no history of cardiac disease that
would prevent them from participating in mild exercise,
and able to walk 10 m unassisted. Relevant clinical mea-
sures are presented in Table 1 for the subjects post stroke.
For this group, inclusion criteria consisted of unilateral
stroke greater than 12 months past onset resulting in
hemiplegia, medically approved for physical therapy, and
were partially ambulatory such that a 15 m walk could be
completed without the use of an assistive device other
than an ankle-foot orthosis. The exclusion criteria were
limited to the following: severe cardiac disease, a history
of premorbid gait disorder of any cause, and an inability
to follow simple commands. To characterize the group of
subjects post stroke, subjects completed the Berg Balance
Test and Lower Limb Fugl Meyer exam less than a week
prior to completing the experimental protocol. This study

Table 1: Clinical Features of Subjects Post Stroke

Subject Age (Years) Side of 
Paresis

Months Post 
Stroke

Berg Balance 
Score

Fugl Meyer 
Score

6 min walk 
speed (m/s)

1 65 L 247 44 13 0.58

2 58 L 134 55 27 1.25

3 46 L 168 40 8 0.5

4 68 R 26 50 23 0.98

5 59 R 51 44 14 0.81

6 37 L 27 41 12 0.34

7 27 L 42 56 26 1.06

8 45 L 27 45 9 0.53

9 54 L 240 45 15 0.62

10 60 R 64 53 13 0.35

11 53 R 74 45 14 0.35

12 55 R 264 56 19 1.06

Mean: 52 - 114 48 16 0.7

SD: 12 - 93 6 6 0.32
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was performed at the Rehabilitation Institute of Chicago
and informed consent was obtained according to the pol-
icies of Northwestern University Institutional Review
Board. Nonimpaired subjects were associated with the
Rehabilitation Institute of Chicago and subjects post
stroke were recruited through the Rehabilitation Institute
of Chicago's Stroke Research Registry. Recruitment and
clinical testing was completed by a research physical ther-
apist.
KineAssist Gait and Balance Training System
The KineAssist Gait and Balance Training System™ con-
sists of a custom designed torso and pelvis harness
attached to a mobile robotic base (Fig 1). The KineAssist
utilizes a servomechanism to drive the robot according to
the forces detected from the subject by the load cells
located in the pelvic harness. This device has been
described extensively elsewhere [15]. Patton et al., char-
acterized the effect of this device on walking speed and
found that it slows walking speed while still allowing the
user to maintain normal walking kinematics [16]. This
manner of admittance control slightly slows the user in
order to promote safety and stability [16]. To accomplish
overground walking with body weight support, the Kine-
Assist offers closed loop body weight support continu-
ously throughout the gait cycle, while the individual
walks over ground. The vertical column provides this
body weight support continuously while still allowing
vertical movements of the pelvis.
Protocol of Experiment
A 15 m track was set up for this experiment using tape to
demark the straight-line path subjects were to follow.
Only the performance during the middle 10 m were used
in data collection; the first and last 2.5 m were used as
buffer zones to avoid reporting the gait changes associ-
ated with starting and stopping gait. The 10 m distance
was selected as the evaluation distance due to its com-
mon use in assessing comfortable walking speed in a clin-
ical setting. It is also short enough to avoid the negative
effects of fatigue for the subjects post stroke. Subjects
were encouraged to walk as they normally would at a
comfortable pace for every trial. For both subject groups,
the first experimental trial consisted of walking 15 m
unaided by the KineAssist while time to walk 10 m was
recorded with a stopwatch and number of steps was man-
ually counted within the 10 m length. For the purposes of
this study, steps taken while the foot was planted on the
start and/or finish line were included. A pseudo-random
level of body weight support was presented to the subject
via the KineAssist ranging from 0% BWS to 40% BWS, at
10% intervals, during subsequent trials for the nonim-
paired subjects. BWS levels were randomized using Mat-
lab™ for each subject. Subjects post stroke were presented
with sequentially increasing levels of BWS over the same
range and intervals of BWS. This was done because sub-

jects post stroke showed discomfort when presented with
intervals of BWS larger than 10% presented between tri-
als. Additionally, one subject post stroke was unable to
complete the task at the 40% BWS level due to an inability
to maintain a normal walking pattern for this subject.
The final trial for both subject groups was a repetition of
the first trial wherein subjects walked 15 m without the
use of the KineAssist.
Data Analysis
The speed for each trial was computed using the distance
of 10 m divided by the recorded time to complete that
distance. Average step length was calculated by dividing
the 10 m distance by the number of steps recorded.
Cadence was calculated by dividing the number of steps
taken during the 10 m by the time needed to complete the
10 m.

We normalized all of the speed, cadence, and average
step length data that were collected during the trials com-
pleted with the use of the KineAssist. This normalization
had the primary effect of allowing evaluation of intrasu-
bject changes in self selected walking speed with BWS
and removed the large variability seen in self selected

The KineAssist in use
Figure 1 The KineAssist in use.
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walking speeds. Each variable measured at the 10%-40%
BWS level was divided by the same variable measured at
the 0% BWS level and was expressed as a percentage
change from the 0% BWS level. From this normalization
protocol, we directly determined if a subject had
increased or decreased his or her self selected walking
speed with BWS from the 0% BWS level. For example, if
the normalized percentage change in speed was positive,
then an increase in self selected walking speed at the cor-
responding level of BWS would have occurred.

Statistical analyses were completed on the normalized
data. One sample t-tests were completed to test the
hypothesis that there were significant changes from the
0% BWS condition for each level of body weight support
for velocity, cadence and average step lengths for each
group. Significance was evaluated at P < 0.05. Data values
are presented as the mean ± standard deviation. Plots are
shown with confidence intervals.

We determined the maximum percent increase in
velocity and maximum percent decrease in velocity for
both subject groups by detecting the maximum values at
any of the body weight support conditions (10%-40%

BWS). We averaged the step length and cadence values
associated with the maximum velocity values in order to
determine which of these two factors might explain the
increased walking velocity values. Additionally, we gener-
ated a histogram to examine the frequency with which
the maximum velocity for each subject occurred at each
body weight support level for each subject group.

Results
Nonimpaired subjects
When nonimpaired subjects walked 10 m without the use
of the KineAsssist, their mean self selected walking speed
was 0.5 m/s greater than walking in the KineAssist with-
out any BWS (1.2 ± 0.2 m/s mean walking speed over-
ground, 0.7 ± 0.2 m/s mean walking speed overground
using KineAssist with no BWS). The nonimpaired sub-
jects' self selected overground walking speed when walk-
ing with the KineAssist showed a downward trend as
BWS increased (Fig 2, A). Additionally, average step
length showed a decreasing trend as level of BWS
increased. Cadence remained steady across all trials (Fig
2, B and 2C).

Normalized velocity (A), average step length (B), and cadence (C) for non-impaired subjects walking at different levels of BWS
Figure 3 Normalized velocity (A), average step length (B), and cadence (C) for non-impaired subjects walking at different levels of BWS. The 
dark solid line is the mean and 95% confidence intervals for all nonimpaired subjects. The lighter solid lines represent individual subject data.
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Each self selected walking speed, cadence, and step
length measure recorded in the KineAssist was normal-
ized to the respective measure obtained at the 0% BWS
level in the KineAssist. The normalized data showed a
decline in changes in self selected walking speed in the
KineAssist from the 0% BWS level as BWS levels were
increased (Fig 3, A). A linear regression with a least
squares fit of individual subject data resulted in an aver-
age slope of -0.0038 ± 0.008%velocity change/%BWS (p <
0.05). Additional analysis of the y-intercept revealed that
the estimated y-intercept was not significantly different
from 0% (y = 0.04, p > 0.05). This value was expected
since every value was normalized to 0% velocity change at
0% BWS. Additionally, the average step length with BWS
also decreased with a slope of -0.03 ± 0.0003 m/%BWS (p
< 0.05) and cadence varied little across different levels of
BWS (Fig 3, B and 3C).

A histogram of how many subjects attained their maxi-
mum speed increase in the KineAssist at each level of

BWS showed that there was a skew towards the 10% BWS
level despite a lack of a significant increase in self selected
walking speed in the KineAssist at that level (Mean veloc-
ity percentage change at 10% BWS = 1.02 ± 0.13%, p >
0.05 Fig 4).
Subjects post-stroke
The average self selected walking speed without the use
of the KineAssist for subjects post stroke was 0.8 ± 0.3 m/
s. When using the KineAssist with no BWS, the average
self-selected walking speed was 0.4 ± 0.1 m/s. Average
step length also shortened from 0.5 ± 0.08 m without the
use of the KineAssist to 0.3 ± 0.08 m when using the Kin-
eAssist with 0% BWS.

The self selected walking speed data collected in the
KineAssist from subjects post-stroke showed high vari-
ability among subjects as expected (Fig 5, A). This high
variability was also apparent with the average step length,
and cadence data (Fig 5, A, B, and 5C, respectively).

Upon normalization, the mean across subjects of the
self selected walking speed in the KineAssist showed a
13% increase at the 10% BWS level over the self selected
walking speed in the KineAssist at the 0% BWS level (Fig.
6, A; 1.13 ± 0.18%, p < 0.05). Higher levels of BWS did not
elicit any significant speed increases from the 0% BWS
level speeds for subjects post-stroke. Normalized average
step length in the KineAssist showed an 11% increase
from the 0% BWS level at the 10% BWS level (Fig 6, B and
6C).

Examination of the slopes of the individual self selected
walking speeds in the KineAssist over the 10%-40% BWS
levels revealed that the mean slope was significantly dif-
ferent than 0 (mean slope = -0.08 ± 0.008% velocity
change/% BWS, p < 0.05). Additionally, the y-intercept
was also significantly different than 0% (y-intercept =
1.211 ± 0.02, p < 0.05).

Despite the group mean of self selected walking speed
changes in the KineAssist showing a statistically signifi-
cant increase at the 10% level of BWS, individual subjects
showed maximum self selected walking speed increases
in the KineAssist at a variety of BWS levels. At least half
of the subjects had their maximum KineAssist walking
speed at a BWS level other than 10% (Fig 7) and three
subjects did not show an increase in speed at any level of
BWS over the 0% BWS level.

We grouped all BWS conditions together to calculate
the mean maximum percent increase and maximum per-
cent decrease in self selected walking speed in the Kine-
Assist over all levels of BWS. There was a significant
increase in self selected walking speed in the KineAssist
at any level of BWS (Fig 8, A, mean maximum percent
increase in speed = 17.5 ± 21.0%, p < 0.05). Also, an
examination of the maximum percent decrease in self
selected walking speed in the KineAssist showed that
subjects post-stoke experienced a significant decrease in

Number of nonimpaired subjects that attained the maxi-
mum percentage change in velocity at each level of BWS
Figure 4 Number of nonimpaired subjects that attained the max-
imum percentage change in velocity at each level of BWS.
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walking speed at any level of BWS (Fig 8A, mean maxi-
mum percent decrease = 14.9 ± 19.3%; p < 0.05 and p <
0.05 respectively).

Subjects significantly increased their average step
length in the KineAssist at the maximum speed attained
for each subject when compared to each subjects' average
step length at the 0% BWS level (Fig 8B, 14.3 ± 18.1% p <
0.05). The changes in cadence were not significantly dif-
ferent than zero percent change for any level of BWS (Fig
8B, p > 0.05).

Discussion
The systematic decline in self selected walking speed in
the KineAssist with increasing levels of BWS as seen in
neurologically nonimpaired subjects was expected due to
model predictions from a previous study that modelled
the interaction between gravity and self-selected walking
speed [17]. During the gait cycle, there is a continuous
transformation of potential and kinetic energy. The effi-
ciency of this transformation depends on the mass of the
individual, the effect of gravity acting on that mass, and
the speed that the mass is travelling [17]. When there is a
reduction in the effective weight of an individual, the

speed that the individual is walking ideally must be
reduced in order to minimize the level of energy expendi-
ture [18]. Since we obtained a reasonably linear relation-
ship (R2 = .96) between self-selected comfortable walking
speed and level of BWS, the expected decrease is sup-
ported.

The self-selected walking speeds in the KineAssist of
subjects with post-stroke hemiparesis showed variation
from the prediction of the nonimpaired model in that
their average percent velocity change in response to
increasing levels of BWS over 0% BWS in the KineAssist,
did not decrease but instead showed an increase at 10%
BWS. There must be an alternate mechanism or mecha-
nisms that people post-stroke utilize to determine self
selected walking speed.

The data collected in this study was spatio-temporal in
nature and, therefore, we acknowledge that we cannot
suggest specific mechanistic causes that underlie these
observations. However we propose three possible mecha-
nisms that might account for the increase in self-selected
walking speed in the KineAssist in post-stroke individuals
when provided body weight support in support of future
studies in regards to how BWS and sensory feedback

Velocity (A), average step length (B), and cadence (C) for post-stroke subjects walking at different levels of BWS
Figure 5 Velocity (A), average step length (B), and cadence (C) for post-stroke subjects walking at different levels of BWS. The dark solid line 
is the mean and 95% confidence intervals for all post-stroke subjects. The lighter solid lines represent individual subject data.
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regarding loading might alter and improve locomotion
post stroke.

The first of these potential mechanisms is that BWS
can compensate for paretic leg muscle weakness leading
to improved propulsion and decreased asymmetry in
force production. Weakness is a common issue that arises
post-stroke that is characterized by a reduction in force
production from muscle [10]. When body load is sup-
ported, weak muscles can better match the physical
demands of locomotion potentially leading to a more
energy efficient gait pattern [19]. Weight acceptance is
also improved similarly for both legs with BWS [19].
Additionally, improved weight acceptance associated
with BWSTT might reduce extensor spasticity associated
with loading [20].

Secondly, load related sensory feedback is critical for
generating effective gait mechanics in a nonimpaired ner-
vous system [21], by promoting ongoing extensor activity
during stance and facilitating phase transitions from
stance to swing [13]. Stroke has the potential to degrade
the ability of the spinal cord to appropriately utilize load
related sensory signals leading to abnormal extensor

activity during stance [22]. BWS may promote improved
output through proper sensory facilitation of the locomo-
tor neuron pools [3,23]. Less inappropriate drive from
these sensory afferents onto spinal neural networks could
improve the generation of appropriate control signals
driving the muscles of the lower limbs during locomotion
[24]. This improved processing could have a beneficial
effect on accurate estimation of the location of the center
of mass relative to the base of support across the gait
cycle, thus facilitating gait mechanics.

Thirdly, reorganization of descending drive could play a
role in affecting gait speed during weight-supported loco-
motion. Previous studies suggest that corticospinal
descending pathways from the injured brain area become
less effective at generating successful motor commands
after stroke and that the nervous system relies more on
indirect, brainstem mediated descending tracts that are
often ill-suited for finer motor tasks [21,25,26]. In addi-
tion, there may be an increased reliance on the reticu-
lospinal tract, which is more adept at controlling posture
and gross movements of the trunk and proximal muscles
[27]. This would result in a loss of independent joint con-

Normalized velocity (A), average step length (B), and cadence (C) for post-stroke subjects walking at different levels of BWS
Figure 6 Normalized velocity (A), average step length (B), and cadence (C) for post-stroke subjects walking at different levels of BWS. The 
dark solid line is the mean and 95% confidence intervals for all post-stroke subjects. The lighter solid lines represent individual subject data.
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trol between the upper and lower limbs during dynamic
weight bearing tasks such as walking [26]. Finally, work in
animals has shown that there is a greater use of reticulo-
and rubrospinal pathways after lesions of corticospinal
tracts [28]. Indeed, studies that have provided weight
support to the arm during reaching tasks for people with
post stroke hemiplegia have found a reduction in inap-
propriate coupling of joint movements allowing for
greater control of reaching movements [25].

People with post-stroke hemiparesis respond differ-
ently than nonimpaired individuals when walking over-
ground with body weight support. Specifically,
nonimpaired people show a gradual decline in self-
selected walking speed in accordance with biomechanical
models [17], but people post-stroke show an increase in
self-selected walking speed at low levels of body weight
support as shown in the data presented in this article.
Further examination of biomechanical factors such as
dynamic strength, ground reaction forces, and EMG

activity could provide insight towards potential mecha-
nisms by which this behavior occurs. However, of partic-
ular importance is this first step of observing the
nonstandard behavior seen in the post-stroke subjects
during self selected overground walking.

This study was constrained by several factors. The task
of overground walking imposed a limit of how much
body weight support we could supply to a subject that
permitted them to be able to successfully walk forwards
comfortably. This is in contrast to many previous body
weight support studies that were performed over a tread-
mill where greater levels of BWS could be studied
[4,29,30]. Despite this limitation, our results suggest that
walking speeds would continue to be compromised at
higher levels of BWS. Additionally, our observation of
degradation of walking speed at higher levels of body
weight support around 40% BWS supports results found
in other studies that recommend using levels of BWS less
than 30-45% [20,31].

For the subjects post-stroke, we were concerned about
fatigue effects during the experiment so we only per-
formed one trial at each BWS level. Additionally, we per-
formed the tests at 10% BWS intervals. However, further
examination of behaviour around the 10% and 20% BWS
levels at smaller increments would be useful in further
elucidating any possible trend. Additionally, the subjects
post stroke received the BWS in increasing increments of
BWS due to discomfort they experienced when transi-
tioning between increments of BWS higher than 10%. We
were concerned that there might be a learning effect
between trials but since we did not see a constant
increase in self selected walking speed in the KineAssist
with increasing levels of BWS, we were sufficiently satis-
fied that any possible learning effect was not apparent in
our data.

We also found that about half of the nonimpaired sub-
jects had difficulty maintaining a normal gait pattern dur-
ing higher levels of BWS. Several subjects would attempt
a "loping gait" at 30% and 40% BWS levels. This gait is
characterized by long upward jumps between steps simi-
lar to the gait maintained by astronauts walking on the
moon [17]. This loping gait was detected prior to data
collection and the trial would be restarted and instruc-
tions regarding maintaining a typical gait pattern would
be emphasized. One nonimpaired subject was excluded
because he was not able to maintain a walking gait but
instead performed this jumping gait. The subjects with
post-stroke hemiparesis were never observed performing
a loping gait and were able to complete all trials without
major deviations to the gait pattern seen at the 0% BWS
level.

Finally, we did not explore kinetic variables since we
were simply looking to explore overground self selected
speed output based on the amount of BWS provided. We

Number of post-stroke subjects that attained the maximum 
percentage change in velocity at each level of BWS
Figure 7 Number of post-stroke subjects that attained the maxi-
mum percentage change in velocity at each level of BWS.
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felt that self selected walking speed would reflect global
locomotor fitness and if there was significant differences
in behavior. Further experiments will be examining
ground reaction forces and electromyographic variables
to deeper explore how increases in speed for people post-
stroke evolve when provided body weight support.

Conclusions
This study found that subjects with post-stroke hemipa-
resis increased their overground self-selected walking
speeds in the KineAssist by an average of 17% when walk-
ing with some level of body weight support compared
with their self selected walking speed with 0% BWS. Con-
versely, when neurologically nonimpaired subjects per-
formed the same task, their self selected walking speeds
in the KineAssist decreased at all levels of BWS when
compared to their walking speeds with 0% BWS. With
post-stroke subjects, increased self selected walking
speed in the KineAssist was associated with increased
average step length by 14%, whereas cadence did not
change significantly over any level of BWS. Although

each individual subject post-stroke showed increased
walking velocities at different BWS levels, the 10% BWS
level was the only condition that showed a significant
group average increase in speed over the 0% BWS level.

While we did not find a defining characteristic that
indicates the subjects that would best benefit from this
type of training or what level of body weight support
would be most appropriate, we did find that most of the
stroke subjects did walk faster with some level of body
weight support. Further research is necessary in order to
determine the possible load related mechanisms that
influence gait speed for subjects post stroke in order to
inform gait rehabilitation research.
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Plot A indicates the maximum percent increase and maximum percent decrease in velocity that post-stroke subjects attained 
regardless of level of support
Figure 8 Plot A indicates the maximum percent increase and maximum percent decrease in velocity that post-stroke subjects attained re-
gardless of level of support. Plot B examines the percent change in average step length and cadence recorded at a subject's maximum speed for 
the post-stroke subjects.
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