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Abstract—Due to hemiparesis, stroke survivors frequently
develop a dysfunctional gait that is often characterized by an
overall decrease in walking speed and a unilateral decrease
in step length. With millions currently affected by this dys-
functional gait, robust and effective rehabilitation protocols are
needed. Although robotic devices have been used in numerous
rehabilitation protocols for gait, the lack of significant afteref-
fects that translate to effective therapy makes their application
still questionable. This paper proposes a novel type of robot-
assisted intervention that results in significant aftereffects that
last much longer than any other previous study. With the
utilization of a novel robotic device, the Variable Stiffness
Treadmill (VST), the stiffness of the walking surface underneath
one leg is decreased for a number of steps. This unilateral
stiffness perturbation results in a significant aftereffect that is
both useful for stroke rehabilitation and often lasts for over
200 gait cycles after the intervention has concluded. More
specifically, the aftereffect created is an increase in both left and
right step lengths, with the unperturbed step length increasing
significantly more than the perturbed. These effects may be
helpful in correcting two of the most common issues in post-
stroke gait: overall decrease in walking speed and a unilateral
shortened step length. The results of this work show that a
robot-assisted therapy protocol involving repeated unilateral
stiffness perturbations can lead to a more permanent and
effective solution to post-stroke gait.

I. INTRODUCTION

Stroke is a severe problem currently affecting an estimated
7 million Americans [1]. Those who survive a stroke are
often left with a motor impairment affecting their gait [2].
This is mainly due to hemiparesis, which is the paralysis or
partial paralysis of one side of the body. The most common
issues hemiparetic walkers face are an overall decrease in
walking speed and a unilateral shortened step length [3].

Post-stroke rehabilitation is still an important healthcare
challenge as current practice is not extremely effective [4].
While robots have generally shown to be a promising and
useful rehabilitation tool primarily on upper limbs [5], [6],
this has not yet translated to post-stroke gait rehabilita-
tion [7]-[15]. Body-weight-supported treadmills have been
widely used and standardized for rehabilitation of gait im-
pairments [16], [17]. The state of the art devices for gait reha-
bilitation impose gait kinematics on the impaired legs using
either hard or soft means, ranging from kinematically con-
trolled exoskeletons [10], [18]-[20] to impedance-controlled
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orthotic devices [12], [21]-[24]. According to recent studies,
there is moderate evidence of improvement in walking and
motor recovery using robotic devices including systems for
body-weight supported treadmill training (BWSTT) when
compared to conventional therapy [14]-[16], [24]-[28].

In order for robot-assisted therapy to promote motor
recovery and rehabilitation, it should elicit specific afteref-
fects related to improved gait after the intervention is over.
Along these lines, there have been studies using split-belt
treadmills where a meaningful aftereffect was shown [29],
[30]. This was done in one particular study through the
principle of error augmentation by setting the treadmill belts
to different speeds for 10-minute long intervals. After having
the subjects walk on this setting, they then resume walking
in an unperturbed environment. It was observed that subjects
improved their step length and double limb support during
this period. This effect lasted for 25 gait cycles [29]. While
this study showed that unilateral perturbations could evoke
adaptations in human gait, a longer lasting aftereffect is
desired for effective gait rehabilitation.

Our group has developed a unique robotic device, the
Variable Stiffness Treadmill (VST) [31], [32], which has
been used in many studies for understanding and improving
human gait [33]-[39]. In a nutshell, the VST is a split-belt
treadmill that has the capability of dynamically altering the
vertical stiffness (or compliance) of the left belt, as humans
walk on it. This change is unilateral, i.e. the two belts of the
treadmill are independent. Using the capabilities of the VST
we have previously shown that unilateral stiffness perturba-
tions evoke an immediate response in the contralateral leg.
The latency between the perturbation and the contralateral
response has been shown to be greater than 150ms, therefore
suggesting that the brain is involved in this process [40].
This has been verified in a later study with brain recordings
[41]. These results of brain involvement are promising as
the concept of stroke rehabilitation through neuroplasticity
most importantly requires repeated active involvement of the
damaged area of the brain [42], [43].

Although we have shown promising results during and im-
mediately following perturbed gait cycles, never before have
we attempted to show that unilateral stiffness perturbations
result in a lasting aftereffect. In this paper, we attempt for the
first time to systematically elicit and characterize aftereffects
with specific functional outcomes on gait, which are caused
by a repeated set of unilateral stiffness perturbations. More
specifically, we repeatedly perturb the left leg of subjects by
lowering the walking surface stiffness using the VST. After
having the subjects walk on the unilaterally lowered stiffness
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Fig. 1.  Subject walking on VST with motion capture markers, EMG
sensors, and harness partly shown on subject’s waist/torso.

environment for 400 gait cycles, we bring the walking condi-
tions back to normal (rigid treadmill on both sides). We show
for the first time that unilateral stiffness perturbations result
in an aftereffect once the perturbations are removed that is
useful for post-stroke gait rehabilitation. The aftereffects at
a functional level are an increased step length for both legs,
with the right (unperturbed) leg increasing significantly more
(3.07% increase) than the left (2.28% increase). These effects
last more than 200 gait cycles in a majority of our subjects
which is significantly more than what has been shown in
previous studies. These findings are very promising for post-
stroke gait rehabilitation, as they directly relate to some of
the most common issues seen in stroke patients, such as
decreased walking speed and unilateral reduced step length.

The remainder of this paper is organized as follows:
Section II introduces the methods and experimental protocol
used with intact subjects on the VST, as well as the data
collection and processing. Section III presents the results of
our study, focusing on the specific aftereffects on gait and
their main causes from a kinematic and muscular activation
point of view. Section IV concludes the paper by pointing
out the contribution of the work and possible applications
and directions for future work.

II. METHODS

The main robotic device used in this work is the Variable
Stiffness Treadmill (VST) (shown in Fig. 1). The VST is
a split-belt treadmill that has the capability of altering the
vertical stiffness of the left belt independently from the right
belt. The achievable stiffness range is from about 60 N/m to
1 MN/m, the latter of which is considered to be rigid. This
device allows for subjects to walk in an environment where
one leg is experiencing a ground stiffness level that is less
than rigid, while the other remains rigid. This allows for the
creation of a variety of environments that perturb the subject
unilaterally. To relate our treadmill to the real world, walking
on the VST can be comparable to walking with one foot on
sand and the other on pavement. For more information on the
VST, see previous works where its design and capabilities
have been described in detail [31], [32].

Fig. 2. Deflection of the left VST belt at a stiffness of 45 kN/m. The left
belt (blue) and the right belt (red) are highlighted for clarity. The subject’s
weight is 85 kg for reference.

Fig. 3. Timing of unilateral stiffness perturbation within one gait cycle.
Note that: HS, MS, and TO stand for heel strike, mid-stance, and toe-off
respectively. The stiffness is adjusted to rigid during the swing phase, when
the leg is not touching the treadmill, to avoid oscillations of the belt after
the leg pushes off.

A. Experimental Protocol

Eight healthy subjects partook in this study (age: 23.8 +
1.3 years, height: 169.5 £+ 9.7 cm, weight: 68.5 £ 12.2 kg).
All subjects were free from neurological or musculoskeletal
disorders that affect their ability to walk and balance. The
subjects were asked to walk on the VST using the protocol
outlined below. Informed consent was given, while these
experimental protocols are approved by the University of
Delaware Institutional Review Board (IRB ID#: 1544521-2).

For this experiment, only two stiffness values are used for
the left belt: 1 MN/m (rigid) and 45 kN/m. For a frame of
reference, 45 kN/m feels similarly to walking on sand or
a soft gym/yoga mat. In Fig. 2, the amount of deflection
created by a 85 kg human subject walking on the VST at
the instance of left single support, at a stiffness level of 45
kN/m, is shown. This value of 45 kN/m was chosen based on
preliminary testing to avoid excessive vertical displacement
on the left side and subject fatigue. The right belt of the
treadmill remains rigid for the entirety of this experiment.
For this study, the stiffness remains constant throughout the
left stance phase. In other words, there are only two kinds
of gait cycles: those that are rigid (unperturbed) and those
where the stiffness of the left belt of the treadmill is at 45
kN/m for the entire left stance phase (perturbed). During the
left swing phase, the left treadmill belt returned to rigid to
reduce oscillations after the leg push-off. Note that this of
course does not affect the subject as they are not in contact
with the left belt of the treadmill during left swing phase. The
timing of a perturbed gait cycle can be seen in Fig. 3. Note
that the perturbation ends just after stance phase ends, and
starts just before stance phase starts. This was done simply
to ensure that the left leg is always experiencing a stiffness
of 45 kN/m on a perturbed gait cycle.
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Fig. 4. Layout of experiment. The total experiment is 800 gait cycles,
where a gait cycle (GC) consists of a full step with each leg (from left heel
strike to the next left heel strike). The graphs show the stiffness level of each
belt (left and right) during the stance phase of each leg. *The acclimation
phase was not used in any data analysis as its sole purpose was to get the
subjects accustomed to walking on our treadmill.

The total duration of the experiment was 800 gait cycles
and contained four sections: acclimation, baseline, adapta-
tion, and observation (see Fig. 4). The acclimation phase of
the experiment lasted for 50 gait cycles, and the treadmill
remained rigid for this entire period. No data from this
section was used, as its sole purpose was to introduce the
subject to walking on our treadmill. The baseline phase lasted
for 100 gait cycles, and the treadmill was also rigid for this
phase. The adaptation period lasted for 400 gait cycles, and
the left side of the treadmill was set to 45 kN/m during every
left stance phase. During this section, as well as the entire
experiment, the right side of the treadmill remained rigid.
Last, the observation phase lasted for 250 gait cycles, and
the treadmill remained rigid for the entirety of this section.

Each subject was equipped with 22 passive motion capture
markers attached to their lower body used for tracking
the motion of their legs. The markers were tracked with
8 VICON cameras recording at a frequency of 100 Hz.
Eight wireless surface electromyographic (EMG) electrodes
(Trigno, Delsys Inc.) were used for recording muscular
activity of major muscles of the lower limbs: tibialis anterior
(TA), gastrocnemius (GA), vastus medialis (VA), and biceps
femoris (BF) of each leg. The EMG signals were sampled
at 2 kHz and synchronized with the motion capture data.
A body weight support harness was used during this experi-
ment, but did not offset any weight. This harness went around
the subject’s torso and was only used for safety precautions.
(see Fig. 1).

The subjects were asked to choose their self-selected
walking speed before data collection began. To achieve this,
the subjects walked on the VST and told the experimenter
to either speed up or slow down the treadmill. The treadmill
speed was increased or decreased in increments of 5 cm/s.
This was done until the subject found a walking speed
that they felt was a neither leisurely nor hurried. For all 8
subjects, the chosen speed was in the range of 80 to 90 cm/s.

Before the start of the experiment, the subjects were
instructed to keep their arms above their hips to ensure that
all motion capture markers were visible. This was achieved
by either keeping their elbows fairly flexed as they swung
their arms or by resting the backs of their hands on the
handrails. Note that the latter instruction was given to keep
them from using the handrails as a major balancing tool. The
subjects were also told that if they felt unsafe at anytime they

could hold on to the handrails or ask to stop the experiment,
but neither of these ever occurred.

B. Data Processing

When processing the synchronized raw kinematic and
muscular activity data, our newly developed algorithm, the F-
VESPA algorithm, was used to detect heel strikes [44], [45].
From this, the data was segregated into gait cycles using the
left heel strike as the starting and ending point for each gait
cycle (see Fig. 3). Outlier gait cycles were identified at this
point based on their length in time. On average a total of 32
4 10 outlier gait cycle were found per subject and excluded
from the total data (800 gait cycles). Also, using the detected
heel strikes and toe-off events, left and right stance and swing
phases were able to be identified for the entire experiment.

To investigate the presence of an aftereffect once the
stiffness was set back to rigid, the gait cycles during the
observation phase were incrementally compared to the data
of the baseline phase. This was done by separating the
observation phase into groups of 10 gait cycles. To begin,
the first group of 10 gait cycles was compared to the entire
baseline phase using a statistical significance test (see below).
If the result of this test was deemed to be significant, the first
group of 10 and the second group of 10 were combined to
make a larger group that was then compared to the baseline
phase. If this was also deemed significant, the group would
increase to the first 30 gait cycles, and so on. This was done
until the there were either no more groups of 10 gait cycles
left to compare, or a test returned a non-significant result. We
believe this method for significance testing aligns with the
goal of this study of finding out how long an aftereffect lasts,
while allowing for slight variability across steps inherent to
human gait [46].

In all significance tests, the Wilcoxon rank-sum test (also
known as the Mann-Whitney U test) was used with an «
value of 0.05 [47]. This test was chosen due to its non-
parametric nature, making it more robust with the small
sample sizes that occur when checking for an aftereffect in
the first few observation gait cycles groups, as described in
the paragraph above.

EMG data were processed using the following method.
The raw data were first filtered with a 4th-order Butterworth
band-pass filter with low and high frequencies at 30 Hz and
300 Hz, respectively. The data were then full-wave rectified.
The envelope of the signal was then found using the moving
mean value with a window of 400 data points (200 ms). Last,
the data were filtered with a 4th-order Butterworth low-pass
filter with a cut-off frequency of 5 Hz. The final processed
EMG data were normalized based on their maximum values
found throughout the experiment for each muscle.

Last, all data were filtered one more time before displaying
the figures included in the paper using the Robust Loess
quadratic fit (RLOESS) method with a span of 250 samples.
This last filtering step was done after significance testing and
does not affect the results of the study. The RLOESS filtering
was done only to allow trends to be seen more clearly.
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Fig. 5. Box and whisker plot summarizing the data from all eight subjects.
The left plot shows for how many gait cycles after the perturbations
ended the left step length remained increased. The center plot shows for
how many gait cycles after the perturbations ended the right step length
remained increased. The right plot shows for how many gait cycles after
the perturbations ended the right step length was significantly greater than

Gy

the left. Note that the black horizontal lines are the median value and the “x
marks the mean value. Significance is considered valid when the statistical
significance test (Wilcoxon rank-sum test) results in a probability less than
« = 0.05. Note that this graph ends at 225 gait cycles to account for outlier
gait cycles. Therefore a significant aftereffect lasting 225 gait cycles is
synonymous with significance lasting until the end of the experiment.

III. RESULTS

Figure notation: All figures in this section use the follow-
ing notation: blue colors correspond to the left side of the
body, red colors correspond to the right side of the body and
purple colors correspond to the comparison between left and
right sides.

The results of this study show that repeated unilateral
stiffness perturbations result in a larger step length for both
legs, with the contralateral (unperturbed, right) step length
increasing significantly more than the ipsilateral (perturbed,
left). On average, the left step length increased by 1.09 cm
(2.28%) and this increase lasted for 81 gait cycles, and the
right step length increased by 1.47 cm (3.07%) and lasted for
150 gait cycles, across all subjects. Note that the step length
in this study was defined as the anterior-posterior distance
between left and right ankles upon heel strike. Left and right
heel strike are distinguished based on which foot is in front
(left heel strike — left step length, right heel strike — right
step length). The overall results for all eight subjects are
summarized in Fig. 5. This figure depicts for how long each
aftereffect remained significant (using the protocol outlined
in the Methods section). As stated in the Methods section,
significance is considered valid when the Wilcoxon rank-
sum test results in a p-value less than o = 0.05. As can be
seen, the mean values of all three parameters are above 75
gait cycles. Most notably, the median value for the right step
length increase is 225 gait cycles, meaning that over half of
the subjects experienced a significant increase in right step
length for the entire observation phase of the experiment.

A. Averaged Data

While each subject responded differently to the perturba-
tions, we decided to average the data of all eight subjects in
an attempt to display the big picture trends and reduce the
variability of individual subjects. This was done by taking
the average of each data point seen on Fig. 6, 7, and 8. In
other words, the parameter of interest is averaged across all
eight subjects, for every gait cycle. Note that certain subjects
had more outlier gait cycles than others, basically shortening
their data set. To account for this when averaging across
subjects, the shortest baseline, adaptation, and observation
phases were used. These outliers are why all graphs stop
before the 800 gait cycle length of the experiment.

After averaging the data, we found the following results.
The right step length was significantly increased for the
entire observation phase (Fig. 6). Figure 6 shows the right
step length for each gait cycle throughout the entire exper-
iment, while the three phases are noted. A significance test
comparing the observation gait cycles with the baseline gait
cycles, as described in Methods, is implemented, and when
the statistical test showed a significant difference (p<0.05),
a significance line is added to the figure. It can be seen
that the adaptation phase causes the right step length to
increase significantly. Once the observation phase starts, and
the treadmill returns to rigid, the affect of increased step
length remains, and it is statistically significant until the end
of the experiment. Moreover, even though the experiment
ended at 700 gait cycles, the effect did not appear to be
diminishing. Next, the averaged difference in step length can
be observed in Fig. 7. In this graph, the right step length is
subtracted from the left step length for each gait cycle of
the experiment. As denoted by the significance line in the
bottom right of the figure, this trend remained significant
for the entire observation phase as well. It can be seen
that while step lengths in the baseline phase were equal (as
expected), they are asymmetric in the observation phase, with
the right step length being greater than the left. While unlike
the averaged right step length, we can observe this effect
diminishing and returning to baseline. An aftereffect is still
very much present though.

It should be noted at this point that we can be assured these
aftereffects are due to the unilateral stiffness perturbations
and not just an effect of prolonged treadmill walking. Control
trials have been run on the VST where a subject simply walks
in an unperturbed environment for 800 gait cycles. Those
trials have shown no significant changes in step length or
any other parameter discussed in this paper.

To illustrate the mechanisms at play to achieve such an
important functional outcome in gait, we look first at the
kinematics. The increase in step length was mainly due to
an increase in hip flexion during late swing and heel strike
(seen in 7 out of 8 subjects). This can be seen graphically
in Fig. 8. Figure 8 shows a very clear increase in the hip
flexion angle at heel strike for the left leg, and this increase
again stays statistically significant for the entirety of the
observation phase. Note that similar trends were seen with
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Fig. 6. Averaged right step length for all eight subjects. The solid line
represents smoothed data and the thin line represents averaged data before
the RLOESS filtering (see Methods for more information). The right step
length remains significantly increased for the entire observation phase with
an average value of +14.7mm above the average baseline value.

Fig. 7. Averaged difference in step length (left-right) for all eight subjects.
The solid line represents smoothed data and the thin line represents averaged
data before the RLOESS filtering (see Methods for more information). The
right step length remains significantly more increased than the left for the
entire observation phase.

the right leg as well. Additionally, 3 out of 8 subjects also
experienced greater knee extension during late swing and
heel strike (not shown in a figure). This is also believed to
contribute to a larger step length, but since this was not seen
in the majority of subjects we will not discuss it any further.

B. Representative Subject

Note that since EMG data are notoriously noisy, we will
only be looking at muscle activity data from a representative
subject in this section.

To explain the increase in hip flexion and subsequent
increase in step length through muscle activity, one needs to
first consider the muscles acting about the hip. As muscles
around the hip act in an agonist-antagonist manner, we expect

Fig. 8. The left hip flexion-extension angle at each left heel strike, averaged
across all eight subjects. The solid line represents smoothed data and the
thin line represents averaged data before the RLOESS filtering (see Methods
for more information). The significant increase in hip flexion is believed to
be the main cause of the observed increased step length.

Fig. 9. The average right biceps femoris activation for each right
swing phase. Data from a representative subject are shown. The solid line
represents smoothed data and the thin line represents averaged data before
the RLOESS filtering (see Methods for more information). The activation
remains statistically significantly less than that of the baseline for the
whole duration of the observation phase of the experiment as noted by
the significance line in the bottom right of the figure.

that increased flexion would be caused by increased activity
on the hip flexor muscles, and decreased activity on the hip
extensor muscles, during swing phase. Our results show that
the biceps femoris (hip extensor) displays a clear aftereffect
mainly described by decreased muscle activity during the
swing phase of the right leg, allowing for greater hip flexion
(see Fig. 9). The average activity of the muscle in the
swing phase is shown. The biceps femoris activation remains
statistically significantly less than that of the baseline for the
whole duration of the observation phase of the experiment.
Note that the left biceps femoris showed similar results.
Increased hip flexion can also be explained through greater
activation of the gastrocnemius and vastus medialis muscles.
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Fig. 10.  The right gastrocnemius activation for each right push off.
Note that this graph does not display average values as the other EMGs
figures do, but rather show the maximum muscle activity from late stance
to early swing. Data from a representative subject are shown. The solid line
represents smoothed data and the thin line represents averaged data before
the RLOESS filtering (see Methods for more information). The activation
remains statistically significantly greater than that of the baseline for the
whole duration of the observation phase of the experiment as noted by the
significance line in the bottom right.

First, an increased gastrocnemius activation during push-off
can assist in propelling the leg further forward, leading to
greater hip flexion at heel strike. This can be seen in Fig. 10,
with an aftereffect lasting for the entire observation phase.
This result was seen in four out of eight subjects. In a similar
manner, increased vastus medialis activation during swing
can also propel the leg forward. If the lower portion of the
leg (shank) is moving forward faster, this will add extra
momentum to the leg, therefore leading to more hip flexion
in late swing and at heel strike. This result can be seen in
Fig. 11. This aftereffect lasts the entire observation phase and
was seen in five out of eight subjects. Even though both of
these results are shown for the right leg, the left leg showed
similar results.

To summarize, our results provide strong evidence that our
unique type of perturbation results in prolonged aftereffects
with a specific functional outcome in gait, which is evoked
by specific changes in muscle activation.

IV. CONCLUSIONS

As stated before, very common issues with post-stroke
gait are an overall decrease in walking speed and unilateral
shortened step length. The results of this study may help
in correcting both of these issues by causing an aftereffect
of increased step length on both legs, with the unperturbed
leg increasing significantly more than the perturbed. This
aftereffect not only appears to be functionally relevant to
post-stroke gait rehabilitation, but in many cases it lasts
for the remainder of the experiment (200+ gait cycles). An
aftereffect of this length has yet to be seen in existing post-
stroke gait rehabilitation methods. This shows that the unique
unilateral stiffness perturbation created on the VST can
possibly elicit adaptations in the neural and musculoskeletal

Fig. 11.  The average right vastus medialis activation for each right
swing phase. Data from a representative subject are shown. The solid line
represents smoothed data and the thin line represents averaged data before
the RLOESS filtering (see Methods for more information). The activation
remains statistically significantly greater than that of the baseline for the
whole duration of the observation phase of the experiment as noted by the
significance line in the bottom right.

mechanisms responsible for the control of human walking,
with specific implications for the rehabilitation of gait.

We believe the effects seen after repeated unilateral stiff-
ness perturbations are so significant due to the way they
disrupt interlimb coordination. This coordination is perturbed
via the following neurological pathways, which have all been
shown to be commonly damaged after stroke: proprioception
[48], [49], force feedback [50], and balance [51]. Having
the capability of disrupting these three pathways is what
makes the VST so unique. Other gait rehabilitation devices
(exoskeletons, standard split-belt treadmills) are not able to
perturb the subject’s gait in such a way.

To conclude, this paper suggests for the first time that after
repeated unilateral stiffness perturbations, the subject carries
over an aftereffect to subsequent unperturbed walking that
often lasts for 200 gait cycles. Functionally this aftereffect is
increased step length of both the perturbed and unperturbed
leg, where the unperturbed leg increases significantly more
than the perturbed. This is accomplished mainly through
increased hip flexion and increased gastrocnemius and vastus
medialis muscle activity. These findings are very promising
as they relate to some of the most common issues seen in
stroke patients: decreased walking speed and unilateral re-
duced step length. The presence of an aftereffect lasting over
200 gait cycles shows that the nervous system is capable of
adapting and storing new ways of accomplishing a task such
as unperturbed, steady-state walking, given the appropriate
perturbations. Based on our results, we believe that the main
contribution of this paper is the introduction and analysis
of a therapy protocol involving repeated unilateral stiffness
perturbations, which can lead to more permanent adaptations
and therefore more effective robot-assisted gait rehabilitation
than what has been achieved thus far.
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