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To guide development of robotic lower limb exoskeletons, it is necessary to understand how humans

adapt to powered assistance. The purposes of this study were to quantify joint moments while healthy
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a b s t r a c t

subjects adapted to a robotic ankle exoskeleton and to determine if the period of motor adaptation is

dependent on the magnitude of robotic assistance. The pneumatically powered ankle exoskeleton

provided plantar flexor torque controlled by the wearer’s soleus electromyography (EMG). Eleven näıve

individuals completed two 30-min sessions walking on a split-belt instrumented treadmill at 1.25 m/s

while wearing the ankle exoskeleton. After two sessions of practice, subjects reduced their soleus EMG

activation by �36% and walked with total ankle moment patterns similar to their unassisted gait

(r2=0.9870.02, THSD, p40.05). They had substantially different ankle kinematic patterns compared to

their unassisted gait (r2=0.7970.12, THSD, po0.05). Not all of the subjects reached a steady-state gait

pattern within the two sessions, in contrast to a previous study using a weaker robotic ankle

exoskeleton (Gordon and Ferris, 2007). Our results strongly suggest that humans aim for similar joint

moment patterns when walking with robotic assistance rather than similar kinematic patterns. In

addition, greater robotic assistance provided during initial use results in a longer adaptation process

than lesser robotic assistance.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Robotic lower limb exoskeletons hold considerable potential to
improve human mobility, serve as gait rehabilitation tools and
study the physiology of human locomotion (Ferris et al., 2005a, b,
2007). In order to guide robotic exoskeleton development, it is
critical to identify principles of human motor adaptation and to
discover the parameters that affect the rate of motor adaptation to
the powered assistance. However, there are only a handful of
studies that have quantified the human motor response to
powered lower limb exoskeletons compared to the number of
different exoskeletons being developed around the world. This is a
hurdle to future exoskeleton development that needs to be
overcome (Dollar and Herr, 2008).

Being able to predict some gait dynamics parameters that
remain fairly invariant with and without exoskeleton assistance
would greatly aid in robotic exoskeleton design. This would allow
engineers to reliably estimate the mechanical output of the
exoskeleton during different tasks. One possible parameter of gait
ll rights reserved.

y, University of Delaware,

1302 8314234.
dynamics that could be used for predicting exoskeleton behavior
is the overall support moment during stance. Winter (1980, 1989)
demonstrated a consistent pattern across a range of speeds when
summing extensor moments from the hip, knee and ankle joints
during stance in human walking. More generally, it seems that
kinetic parameters have better predictability across walking
speeds than kinematic parameters (Lelas et al., 2003; Shemmell
et al., 2007). Dynamic torques generated from hip, knee and ankle
have been found to be tightly coupled during the swing phase of
gait as well (Shemmell et al., 2007). The findings from these
studies support the idea that joint moments may be intrinsically
represented in the neural control of human walking and that they
have an important mechanical consequence on the gait dynamics
(Winter and Eng, 1995; Prilutsky et al., 2005).

In a recent study from our laboratory, we examined how
healthy young subjects adjusted to a robotic ankle exoskeleton
under proportional myoelectric control (Gordon and Ferris,
2007). When the exoskeleton mechanical assistance was first
introduced, subjects walked on the ball of their foot due to the
increased plantar flexion torque. By the end of two 30-min
training sessions, subjects had substantially reduced soleus
electromyography (EMG) amplitude by �35% and reached
steady-state walking dynamics (Gordon and Ferris, 2007). That
study found that subjects had adopted kinematic patterns with

dx.doi.org/10.1016/j.jbiomech.2009.09.030
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Fig. 1. Subjects wore a custom-made exoskeleton on their left lower limb. The

exoskeleton consisted of a carbon fiber shank section and a polypropylene foot

section. The exoskeleton was hinged at the ankle to allow free sagittal plane

rotation. The exoskeleton had an average weight of 1.0870.09 kg (mean7SD) and

moment arm length of 11.071.2 cm that varied and depended on the size of the

subject. Electrical signals (EMG) of soleus were recorded and processed to be used

to control air pressure in the artificial pneumatic muscles proportionally. As air

pressure increased, the artificial muscles started to develop tension and become

shortened, allowing the powered exoskeleton to provide plantar flexor torque

controlled by soleus muscle activation.
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Fig. 2. Joint kinematics. Ankle, knee and hip joint angle profiles are shown for the last

condition (minute 1, black line), and the last minute of active condition (minute 30, grey

baseline is displayed by the light red bars. The vertical lines represent the toe-off. Positiv

to the baseline, the ankle joint angle profiles showed less dorsiflexion during mid-to-late

to the baseline by the end of training of each day. (For interpretation of the references to
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exoskeleton assistance that were similar to kinematic patterns
without assistance but did not measure joint kinetics via inverse
dynamics.

Another important issue related to robotic exoskeletons is the
period of motor adaptation required to smoothly use the exoske-
leton assistance. In our previous study (Gordon and Ferris, 2007),
we measured changes in electromyographic, kinematic and kinetic
parameters during training to determine how much walking
practice was required to reach steady-state dynamics. Interestingly,
we found that using gastrocnemius EMG for control instead of
soleus EMG (Kinnaird and Ferris, 2009), or using a kinematic-based
controller instead of proportional myoelectric control (Cain et al.,
2007) did not result in different times to reaching steady state in
näıve users of the robotic ankle exoskeletons. Thus, it may be that
the mechanical capabilities of the robotic exoskeleton are what
determine how long it takes to adapt to the robotic assistance.

The purposes of this study were to determine if human
subjects walking with a robotic ankle exoskeleton: (1) had similar
joint moment profiles during powered versus unpowered walk-
ing; and (2) if greater mechanical assistance affected the rate of
motor adaptation. We used a robotic ankle exoskeleton similar to
that used in previous studies (Cain et al., 2007; Gordon and Ferris,
2007; Sawicki and Ferris, 2008, 2009a, 2009b; Kinnaird and Ferris,
2009) but with two artificial pneumatic muscles in parallel
providing plantar flexor torque in response to the wearer’s soleus
muscle activity. Subjects walked on a force-measuring treadmill
(Collins et al., 2009) during two training sessions so we could
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calculate joint kinetics. We hypothesized that subjects would
walk with similar joint moment patterns for powered versus
unpowered exoskeleton gait. We also hypothesized that subjects
would take a longer time period to reach steady-state dynamics
with the double-muscle robotic ankle exoskeleton compared to
the single-muscle exoskeleton (Gordon and Ferris, 2007) due to
the greater mechanical perturbation.
2. Method

2.1. Subjects

Eleven healthy subjects (6 female, 5 male, age 2476 years and mass

71.6714.3 kg, mean7SD) gave written informed consent and participated in the
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Fig. 3. Joint moments, overall support moment and exoskeleton mechanical torque. The

the extensor moments across the hip, knee and ankle joints) profiles on the two training

plantar flexor torque provided by the exoskeleton (calculated from artificial muscle force

minute 30 (grey). Data are the average of all subjects. 71 SD of the baseline is displa

exoskeleton (50.09712.05 N m) was �43% of peak ankle joint moment at the basel

(107.14723.56 N m). After two sessions of training, the individual joint moment profiles

was smaller than the baseline on day 2 (baseline: 58.86712.90 N m, minute 30: 46.447
reader is referred to the web version of this article.)
study. The University of Michigan Medical School Institutional Review Board

approved the protocol.

2.2. Experimental design

We constructed a custom-made exoskeleton (Fig. 1) for the left lower limb of

each subject. Details of the design and performance of the exoskeleton are

documented elsewhere (Ferris et al., 2005a, b 2006; Gordon et al., 2006). We

implemented proportional myoelectric control (i.e., amplitude and timing) of the

artificial muscles through a desktop computer and real-time control board (dSPACE

Inc.). A custom real-time computer controller regulated air pressure in the artificial

plantar flexor muscles proportional to the processed soleus electromyographic

signals (EMG) via a pressure regulator. EMG signal from soleus was high-pass filtered

with a second-order Butterworth filter (20 Hz cutoff frequency) to remove movement

artifact, full wave rectified and low-pass filtered with a second-order Butterworth

filter (10 Hz cutoff frequency) to smooth the signal.

Subjects completed two identical testing sessions approximately 72 h apart.

During each session, subjects walked with the exoskeleton first without power for
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ine (116.48726.10 N m) or �47% of peak ankle joint moment at the minute 30

were similar to the baseline. However, the second peak of overall support moment

17.09 N m). (For interpretation of the references to color in this figure legend, the
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Fig. 4. Ankle joint angle (a) and moment (b) correlation common variance (r2). Mean data (black dots)71 standard deviation (grey area) are shown for each minute. The

two horizontal blue lines are the mean72 standard deviations from the last 15 min of active condition on day 2, representing steady-state dynamics. The steady-state

envelopes shown above from the average group data are for display purposes. Steady-state dynamics were determined for each subject, individually. The values of

correlation common variance (r2) increased with practice in the active condition both for joint angle and moment. By the end of active condition on day 2 (day 2, minute),

the values of correlation common variance were similar to the baseline for total ankle moment profile (0.9870.02, THSD, p40.05) but not for ankle angle profile

(0.7970.12, THSD, po0.05).) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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10 min (baseline), with power for 30 min (powered), and without power again for

15 min (post-adaptation) (Gordon and Ferris, 2007).

2.3. Data acquisition and analysis

We collected lower body kinematics, artificial muscle force, electromyography

(EMG) and three-dimensional ground reaction forces (1200 Hz) while subjects

walked on a custom-constructed force-measuring split-belt treadmill (Collins et

al., 2009) at 1.25 m/s. The three-dimensional kinematic data were collected by

using an 8-camera video system (120 Hz, Motion Analysis Corporation, Santa Rosa,

CA). Artificial muscle force data were collected with force transducers (1200 Hz,

Omega Engineering) mounted on the bracket of exoskeleton. We estimated the

amount of mechanical torque, power and work done by the exoskeleton using the

measurement of artificial muscle moment arm and ankle kinematic data. We

placed bipolar surface electrodes on the left lower limb to record EMG (1200 Hz,

Konigsberg Instruments Inc.) from tibialis anterior (TA), soleus (SOL), medial

gastrocnemius (MG), lateral gastrocnemius (LG). We used commercial software

(Visual3D, C-Motion Inc., Germantown, MD) to calculate joint angles as well as

joint kinetics by inverse dynamics analysis. Lower limb inertial properties were

estimated based on anthropometric measurements of subjects (Zatsiorsky, 2002)

and the exoskeleton mass.

Ten seconds of data recorded each minute reflected the average of about seven

strides of data. All data were time normalized to 100% of stride cycle (i.e., from left

heel strike to left heel strike). To quantify changes in muscle activation, we

calculated root mean square (RMS) amplitude of the high-pass filtered (20 Hz

cutoff frequency) and rectified EMG for the soleus over the stance phase. We

normalized data to the last minute of baseline on a given testing session.

To examine changes in kinematics and kinetics across time for ankle, knee and

hip joints, we linearly correlated the average joint angle and torque profiles during

the powered condition at each minute to the average angle and torque profiles at

the last minute of baseline on a given testing session using Pearson product

moment correlation. The common variance (r2) of the linear correlation was used
as a quantitative measure of similarity in joint kinematics and torques between

every minute’s data and the data at the last minute of baseline (Derrick et al.,

1994). To quantify variability of gait patterns in unpowered and powered walking,

we calculated the coefficients of variation (CV) for joint angle and moment profiles

(Winter, 1991) during stance phase. Since coefficients of variation are influenced

differently by the means of each data profile, we did not directly compare the CVs

among data profiles. We compared the CVs between conditions for joint angle and

moment profiles, respectively.

To compare the adaptation rate during powered walking to the single-muscle

study (Gordon and Ferris, 2007), we used the same method of quantifying motor

adaptation (Noble and Prentice, 2006) as the single-muscle study. An envelope of

steady-state behavior during the powered walking was defined based on the

mean72 SD of the final 15 min of day 2 if linear regression of the data in this

period revealed slopes that were not statistically different from zero (t-test,

p40.05). Statistically significant slopes of linear regression indicate subjects did

not reach steady state within the two training sessions. We calculated time to

steady state for soleus stance RMS EMG, ankle joint correlation, and exoskeleton

positive and negative mechanical work.
2.4. Statistics

We used repeated measure ANOVAs to test for differences in normalized EMG

RMS (primary outcome variable was soleus stance RMS EMG), joint angle and

torque correlation common variances (primary outcome variables were for the

ankle joint), and positive and negative exoskeleton work between days and

conditions (baseline, powered walking 1, 15 and 30) (2 days�4 conditions). We

analyzed other parameters as secondary outcome variables to provide insight into

the overall adaptation. We set the significance level at po0.05 and used Tukey

Honestly Significant Difference (THSD) post hoc tests for pair-wise comparisons if

a main effect was detected. We used paired t-test with Bonferroni correction to

test for difference in the coefficients of variation (CV) of joint angle and moment
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profiles for hip, knee and ankle joints between baseline and minute 30 of day 2 (i.e.

6 comparisons).
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Fig. 5. Joint powers and the mechanical power provided by the exoskeleton on day

2. The thicker lines represent the ankle, knee and hip joint power profiles. The

thinner dashed line with the ankle joint power data represent the mechanical

power provided by the exoskeleton (calculated from artificial muscle force, muscle

moment arm and ankle joint velocity) at the baseline (red) and powered minute 30

(grey). Data are the average of all subjects. 71 SD of the baseline is displayed by

the light red bars. After two sessions of training, joint power profiles were similar

to the baseline except the ankle joint power profile. Throughout the powered

condition, subjects had greater power generation and less power absorption at the

ankle joint. The exoskeleton produced a peak positive mechanical power of 117 W,

about 80% of peak positive ankle joint power at the baseline (147.2732.97 W) or

�61% of peak ankle joint power at the minute 30 (191.59764.57 W).) (For

interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
3. Results

3.1. Joint kinematics

Although subjects showed some adaptation over the two
30-min sessions, there were still large differences in ankle joint
kinematics at the end of the second session compared to baseline
(Fig. 2). When first walking with the exoskeleton assistance,
subjects stayed at plantar flexed posture almost for the whole gait
cycle (Fig. 2). Correspondingly, the ankle angle correlation
common variance (r2) at the first minute was the lowest during
all testing (day 1, minute 1: 0.3970.28, mean7SD) (Fig. 4a). After
30 min of practice, subjects had similar ankle kinematics during
early-to-mid stance and swing but still had greater plantar flexion
during mid-to-late stance compared to the baseline condition. The
ankle angle correlation common variance (r2) at minute 30 was
significantly higher compared to the first minute (day 1, minute
30: 0.6970.19, THSD, po0.05). On the second day, ankle angle
correlation common variance (r2) at the minute 1 was
significantly greater than the value during initial powered
walking on day 1 (day 2, minute 1: 0.6370.19, THSD, po0.05)
and increased further with practice. However, the values of ankle
angle correlation common variance were still significantly
different from baseline by the end of day 2 (day 2, minute 30:
0.7970.12, THSD, po0.05).

There were no large differences in knee or hip joint kinematics
during powered walking. Throughout the active trials, knee and
hip angle correlation common variances were always greater than
0.96 and 0.97, respectively. On the second day, there were no
significant differences between minute 30 and baseline (THSD,
p40.05) in joint angle correlation common variances for knee
(day 2, minute 30: 0.9870.01) or hip (0.9970.01) after 30 min of
training.

3.2. Joint kinetics

Hip, knee and ankle joint moment profiles at the end of each
session were only slightly different compared to the baseline
while these small changes resulted in a larger difference in the
overall support moment (Fig. 3). The values of ankle (Fig. 4b), knee
and hip moment correlation common variance (r2) were the
lowest at minute 1 (ankle: 0.8570.13; knee: 0.7770.23, hip:
0.9670.03). With practice, the correlation common variances (r2)
of joint moment profiles increased during the second session. By
the end of day 2, subjects walked with similar joint moment
profiles during the powered condition as during the baseline
condition (Fig. 3). Joint moment correlation common variances
(r2) for hip (0.9870.01), knee (0.9070.16), or ankle (0.9870.02)
at minute 30 of day 2 were not significantly different from the
baseline (THSD, p40.05).

Subjects walked with similar knee and hip joint power profiles
but very different ankle joint power profiles (Fig. 5) and ankle
work during the powered condition. After 30 min of training,
subjects had greater power generation and less power absorption
at the ankle joint on both days. Compared to the baseline, the peak
ankle positive power in the powered condition was significantly
greater at the end of day 2 (baseline: 152.93729.38 W; day 2,
minute 30: 203.04764.90 W, p=0.015). In addition, the total
ankle positive work was significantly greater than the ankle
positive work at the baseline by �66% (baseline: 13.0772.94 J;
day 2, minute 30: 21.7476.83 J, THSD, po0.05); and the total
ankle negative work was �51% less than the ankle negative work
at the baseline (baseline: �15.6874.27 J; day 2, minute 30:
�7.6674.01 J, THSD, po0.05).
3.3. Electromyography (EMG)

Subjects had substantially smaller soleus EMG activation
during powered walking (Fig. 6). By the end of day 2, soleus
stance RMS EMG amplitude (0.6470.14) was significantly lower
than the baseline by �36% (THSD, po0.05) (Fig. 6b). For other
lower limb muscles, the muscle activation patterns were similar
to the baseline by the end of training.
3.4. Exoskeleton mechanics

The powered exoskeleton with double muscles provided
substantial assistance (Figs. 3 and 6). The peak plantar flexor
torque provided by the exoskeleton (50.09712.05 N m) was
�43% of peak ankle plantar flexor moment at the baseline
(116.48726.10 N m), and �47% of peak ankle plantar flexor
moment at the minute 30 (107.14723.56 N m) on day 2 (Fig. 3).
The peak mechanical power generated by the exoskeleton was
117 W, about 80% of peak positive ankle joint power at the
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Fig. 6. Soleus activation patterns (a) and soleus stance EMG RMS amplitudes (b). (a) Soleus EMG linear envelopes (rectified and low-pass filtered EMG with 6 Hz cutoff

frequency) were averaged from all subjects. During initial walking with the powered exoskeleton (day 1, minute 1), subjects had lower soleus activation right away. After

30 min of practice, soleus activation pattern showed a clear bursting shape similar to the baseline. (b) Soleus EMG RMS amplitudes during stance. Mean data (black

dots)71 standard deviation (grey area) are shown for each minute. The two horizontal blue lines are the mean72 standard deviation from the last 15 min of active

condition on day 2, representing steady-state dynamics. The steady-state envelopes shown above from the averaged group data are for display purposes. Steady-state

dynamics were determined by each subject, individually. By the end of day 2 (day 2, minute 30), the soleus stance EMG RMS amplitude was reduced by �36% (0.6470.14)

compared to the baseline. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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baseline (147.2732.97 W), and �61% of peak ankle joint power at
the minute 30 (191.59764.57 W) (Fig. 5).

3.5. Coefficient of variation (CV)

Subjects had significantly greater variability in ankle joint
angle profile during powered than during unpowered walking.
Compared to the baseline, subjects had larger coefficients of
variation both in joint angle and moment profiles during powered
walking. There were significant differences in coefficients of
variation for ankle angle profiles between baseline and minute 30
of powered condition (baseline: 0.1470.04; minute 30:
0.3070.12, p=0.0008o0.0083) but not for total ankle moment
profiles (baseline: 0.1370.02; minute 30: 0.1770.05,
p=0.0740.0083) after two sessions of training.

3.6. Adaptation period

Not all of the subjects reached steady-state dynamics
within two training sessions compared to the 100% success rate
in the study of single muscle design. The significant slope of
linear regression on the data of last 15 min of day 2 indicated that
5 out of 11 subjects did not reach steady-state dynamics in soleus
RMS EMG.
4. Discussion

The findings of this study support our hypothesis that subjects
would walk with similar joint moment patterns during powered
versus unpowered walking. When the robotic assistance was
provided, subjects reduced soleus EMG activation by about 36% to
walk with a similar total ankle moment pattern (biological plus
exoskeleton moment). However, they walked with a substantially
different ankle kinematic pattern compared to the unpowered
condition. In addition, the variability of total ankle moment
profile was similar during powered versus unpowered walking
while the variability of ankle angle profile was significantly
greater in the powered condition. The results indicate that
humans seem to prioritize maintaining invariant ankle moment
patterns with and without robotic lower limb assistance.

Another finding of this study is that subjects had significantly
different overall support moment at late stance during powered
versus unpowered walking. The reduction in the second peak of
overall support moment resulted from a small decrease in plantar
flexor moment and an increase in knee flexor moment. We found
that subjects had slightly greater horizontal ground reaction
forces and similar vertical ground reaction forces at late stance in
the powered condition. During powered walking, the slight
reduction in ankle plantar flexor moment might result from more
plantar flexed ankle position at late stance while an increase
in knee flexor moment might cause greater horizontal ground
reaction forces. This finding suggests that overall support moment
pattern is not as consistent with robotic lower limb assistance as
has been found without lower limb assistance (Winter, 1980,
1989).

The powered ankle exoskeleton replaced some of the ankle
plantar flexor torque and did not substantially alter the dynamics
of the other joints. One of the primary goals for robotic lower limb
exoskeletons is to replace some of the mechanical work required
for walking in order to reduce metabolic expenditure. The results
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showed that joint moment profiles of ankle, knee and hip were
similar during powered versus unpowered walking. This is
particularly notable given that the ankle exoskeleton was
providing �47% of the total ankle joint moment at push-off
during the powered condition. This finding supports the concept
that a joint kinetic rule of inter-limb coordination may be used in
the neural control of human gait (Shemmell et al., 2007).

Our results also have important implications for training
people to use robotic lower limb assistance during locomotion.
Only about half of our subjects reached steady-state muscle
activation patterns after two 30-min training sessions. This is in
contrast to what was found on a robotic ankle exoskeleton with
less mechanical capability (Gordon and Ferris, 2007). Gordon and
Ferris (2007) found that their subjects had reached steady state at
about 15 min of training on the second day. This difference
between studies supports the hypothesis that subjects take longer
time to reach steady-state dynamics when walking with robotic
exoskeletons with greater mechanical strength. With a longer
training duration, it may be that subjects would have adapted to
keep both joint kinematics and joint moments the same during
assisted walking and unassisted walking. For facilitating fast
adaptation to a robotic exoskeleton, however, it would seem that
having too strong of an exoskeleton is disadvantageous for the
motor learning process.
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