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Many individuals with disabling conditions have difficulty with gait and balance control that may result in a fall. Exoskeletons are
becoming an increasingly popular technology to aid in walking. Despite being a significant aid in increasing mobility, little attention
has been paid to exoskeleton features to mitigate falls. To develop improved exoskeleton stability, quantitative information
regarding how a user reacts to postural challenges while wearing the exoskeleton is needed. Assessing the unique responses of
individuals to postural perturbations while wearing an exoskeleton provides critical information necessary to effectively
accommodate a variety of individual response patterns. This report provides kinematic and neuromuscular data obtained from
seven healthy, college-aged individuals during posterior support surface translations with and without wearing a lower limb
exoskeleton. A 2-minute, static baseline standing trial was also obtained. Outcome measures included a variety of 0 dimensional
(OD) measures such as center of pressure (COP) RMS, peak amplitude, velocities and pathlength and electromyographic (EMG) RMS
and peak amplitudes. These measures were obtained during epochs associated with the response to the perturbations: baseline,
response, and recovery. T-tests were used to explore potential statistical differences between the exoskeleton and no exoskeleton
conditions. Time series waveforms (1D) of the COP and EMG data were also analyzed. Statistical parametric mapping (SPM) was
used to evaluate the 1D COP and EMG waveforms obtained during the epochs with and without wearing the exoskeleton. The
results indicated that during quiet stance, COP velocity was increased while wearing the exoskeleton, but the magnitude of sway
was unchanged. The OD COP measures revealed that wearing the exoskeleton significantly reduced the sway magnitude and
velocity in response to the perturbations. There were no systematic effects of wearing the exoskeleton on EMG. SPM analysis
revealed that there were a range of individual responses; both behaviorally (COP) and among neuromuscular activation patterns
(EMG). Using both the OD and 1D measures provided a more comprehensive representation of how wearing the exoskeleton
impacts the responses to posterior perturbations. This study supports a growing body of evidence that exoskeletons must be
personalized to meet the specific capabilities and needs of each individual end-user

  

 Contribution to the field

Many individuals with disabling conditions have difficulty with gait and balance control that may result in a fall. Exoskeletons are
being increasingly used to increase mobility, but little attention has been paid been paid to exoskeleton features to mitigate falls.
Information about how the unique response patterns of individuals to postural perturbations can provide developers of
exoskeletons critical knowledge to improve the physical design and control of future exoskeletons. This study assessed the
kinematic and neuromuscular responses to support surface translations provided to healthy individuals with and without wearing
a lower limb exoskeleton. To assess the perturbation responses, zero dimension (0D) measures of center of pressure (COG) RMS,
amplitude, velocities and pathlength, and EMG RMS and amplitude measures were obtained as well as 1D outcomes using statistical
parametric mapping (SPM). The OD COP measures revealed that wearing the exoskeleton significantly reduced the sway magnitude
and velocity in response to the perturbations with no systematic change in EMG. SPM analysis revealed that there were a range of
individual responses; both behaviorally (COP) and among neuromuscular activation patterns (EMG). Using both the OD and 1D
measures provided a more comprehensive representation of how wearing the exoskeleton impacts the responses to postural
perturbations.
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Distinct Kinematic and Neuromuscular Activation Strategies in Response to Postural 
Perturbations in Healthy Individuals Fitted With and Without a Lower-limb Exoskeleton 

ABSTRACT 
Many individuals with disabling conditions have difficulty with gait and balance control that 
may result in a fall. Exoskeletons are becoming an increasingly popular technology to aid in 
walking. Despite being a significant aid in increasing mobility, little attention has been paid to 
exoskeleton features to mitigate falls. To develop improved exoskeleton stability, quantitative 
information regarding how a user reacts to postural challenges while wearing the exoskeleton is 
needed. Assessing the unique responses of individuals to postural perturbations while wearing an 
exoskeleton provides critical information necessary to effectively accommodate a variety of 
individual response patterns. This report provides kinematic and neuromuscular data obtained 
from seven healthy, college-aged individuals during posterior support surface translations with 
and without wearing a lower limb exoskeleton. A 2-minute, static baseline standing trial was also 
obtained. Outcome measures included a variety of 0 dimensional (OD) measures such as center 
of pressure (COP) RMS, peak amplitude, velocities and pathlength and electromyographic 
(EMG) RMS and peak amplitudes. These measures were obtained during epochs associated with 
the response to the perturbations: baseline, response, and recovery. T-tests were used to explore 
potential statistical differences between the exoskeleton and no exoskeleton conditions. Time 
series waveforms (1D) of the COP and EMG data were also analyzed. Statistical parametric 
mapping (SPM) was used to evaluate the 1D COP and EMG waveforms obtained during the 
epochs with and without wearing the exoskeleton. The results indicated that during quiet stance, 
COP velocity was increased while wearing the exoskeleton, but the magnitude of sway was 
unchanged. The OD COP measures revealed that wearing the exoskeleton significantly reduced 
the sway magnitude and velocity in response to the perturbations. There were no systematic 
effects of wearing the exoskeleton on EMG. SPM analysis revealed that there were a range of 
individual responses; both behaviorally (COP) and among neuromuscular activation patterns 
(EMG). Using both the OD and 1D measures provided a more comprehensive representation of 
how wearing the exoskeleton impacts the responses to posterior perturbations. This study 
supports a growing body of evidence that exoskeletons must be personalized to meet the specific 
capabilities and needs of each individual end-user  
 
INTRODUCTION 
Exoskeletons are increasingly being used to promote effective gait across a variety of 
populations. However, the postural stability of individuals using lower limb exoskeletons for gait 
assistance may be compromised and they will therefore be more susceptible to falling (He, et al., 
2017). In order to maintain standing balance, there should be a harmonious relationship between 
the exoskeleton and the human user, making it necessary to integrate knowledge of human 
balance control in exoskeleton development (Emmens et al., 2018). To date, lower limb 
exoskeletons have few, if any, features designed to mitigate falls (He et al., 2017, Monaco et al, 
2017, Bayón et al, 2022). Mummolo et al. (2018) emphasized the need for exoskeletons to 
include stabilization features to prevent user falls. Moreover, they stress that in order to develop 
stable robotic exoskeletons, quantitative information regarding the stability of the exoskeleton in 
concert with the user is necessary from the initial design until completed production. Thus, it is 
important in future designs to develop ‘user-in-the-loop’ features that support improved postural 
control, including the use of brain-machine interfaces (BMIs) (Kilicarslan et al, 2021, He et al., 
2018, Contreras-Vidal et al, 2018).  
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While working to develop exoskeletons with improved stability features, it is also important to 
remember that users will have varying abilities and unique responses to postural challenges due 
to age, neurological state, brain or body injury, physical disabilities, changing environments, and 
other factors. As reported by Bortole et al. (2015) individuals interacting with an exoskeleton 
displayed idiomatic response patterns. Echoing this point, Fan and Yin (2013) found that the 
coordination between force and position between individuals and exoskeletons was variable 
across individuals. This suggests that effective exoskeletons need to be personalized to meet the 
specific and possibly evolving capabilities and needs of each individual end-user.  
 
Support surface perturbations have long been used to characterize the postural response 
characteristics of humans to the loss of balance (Nashner, 1977, Gera et al., 2017, Goel, et al., 
2022). Perturbation-based research provides controlled environments in which an investigator 
can control multiple characteristics of the perturbation, such as direction, magnitude and timing, 
as well as the number of trials. Moreover, it allows for multiple sensor technologies to be 
simultaneously used to collect kinematic, force, and neurophysiological data, such as 
electromyography (EMG) and electroencephalography (EEG); this provides an efficient 
paradigm with which to study the neural basis of postural control. Studying the responses of 
healthy individuals wearing lower limb exoskeletons during support surface perturbations can 
provide important insights and normative data into how humans adapt postural control while 
wearing an exoskeleton (Schiffman, et al., 2008, Fasola, et. al, 2019, Ringhof, et al., 2019).  
Oftentimes, scientists explore potential differences in time-based waveforms by using discrete 0-
dimensional (0D) measures such as peaks, minimums, maximums or the mean values of those 
measures. However, these discrete measures can fail to identify important features of time series, 
such as pattern shape, and are limited in their capability to detect differences between conditions 
or participant populations. Statistical parametric mapping (SPM) is an increasingly used 
technique to evaluate potential differences between time varying (1D) waveforms such as 
kinematic or muscle activation data. SPM enables the comparisons of entire waveforms by 
accounting for the dependency of adjacent samples in the calculation of appropriate alpha levels 
(Pataky, et al, 2013). In this study, in addition to using several discrete measures, SPM was used 
to explore potential differences in COP and EMG waveforms between with and without wearing 
an exoskeleton. 
 
The long-term goal of this project is to use an individual’s brain waves, acquired via scalp 
electroencephalography (EEG), to identify an impending fall and use that information to activate 
an exoskeleton to produce the torques necessary to prevent said fall. However, prior to realizing 
this aim, a greater understanding of how wearing an exoskeleton impacts postural control is 
necessary, particularly given that behavioral responses are individualized depending upon a 
person’s unique abilities. Fully characterizing responses to postural perturbations with and 
without wearing an exoskeleton will provide engineers with the information necessary to develop 
the next generation of exoskeletons with improved postural control features. In this paper we 
report center of pressure (COP) and surface electromyography (EMG) results obtained in 
response to a series of posterior standing perturbations with and without wearing a lower-limb 
exoskeleton. Recent companion reports details the progress being made on using single 
perturbation trial EEG to predict impending falls (Ravindran, et al., 2020, 2022). 
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METHODS  
 
Participants 
Seven healthy adults (71% male) aged 24.8 ± 2.8 years, with a mean weight of 72.9 ± 14.3 kg 
and a mean height of 66.9 ± 2.8 cm, participated in this study. The experimental protocol was 
approved by the Institutional Review Board (IRB) at the University of Houston, in accordance 
with the Declaration of Helsinki. Each participant provided written informed consent.   
 
Instrumentation 
After thorough cleaning of the skin, surface electromyographic (EMG) electrodes (Delsys, 
Natick, MA, USA) were affixed bilaterally over the lateral gastrocnemius (LG), medial 
gastrocnemius (MG), soleus (SO) and tibialis anterior (TA). A wireless Delsys Trigno system 
was used to collect EMG data. The participants were also instrumented for 64 channel EEG data 
collection. A complete description of the EEG instrumentation and data collection procedures 
can be found in Ravindran, et al., (2020).  
 
An H2 exoskeleton (Technaid S.L., Madrid, Spain) in passive mode with the joints 
uncoupled was used during testing. The H2 includes bilateral hinged hip, knee, and ankle 
joints with articulated foot plates as well as waist support. The entire system weighs 1l kg. For a 
more complete description of the H2, see Bortole et al. (2015). After instrumentation, 
participants were fitted in the exoskeleton by aligning the robot’s articulated joints with the hip, 
knee and ankle joints of the participants, and provided five minutes with which to become 
accustomed to the device. During this time, the participants slowly walked around an open 
laboratory space. Participants then stepped onto a Neurocom Balance Master (NeuroCom, 
Clackamas, OR, USA) and, once positioned in accordance with Neurocom’s recommendations, 
each individual’s feet were outlined on the plate with the use of adhesive tape. This ensured that 
each participant could be placed in the same position for all testing conditions.  
 
Collection Procedures 
In order to determine if wearing the H2 exoskeleton modified bipedal static balance, data 
collection began with a two-minute static balance test, with and without wearing the exoskeleton. 
Participants were then tested using posterior support surface perturbations with displacements of 
6.35 cm, 400 ms duration and a velocity of 15.875 cm/s. Each participant experienced 32 (two 
blocks of 16) posterior postural perturbations, with each individual perturbation (from onset to 
full plate recovery) lasting a total of five seconds. While the characteristics of the perturbations 
were fixed, the perturbation onset was unknown to the participant, preventing anticipatory 
behavior. Participants were provided a seated break to prevent possible fatigue after the first 
block of trials. Testing was conducted both with and without the H2, with four participants 
testing first with the H2, and three testing without the H2, before moving to the opposite 
condition. Force plate data were sampled at 100 Hz and EMG data was collected at 1111.1 kHz. 
The collection technologies were synchronized using a signal from the Balance Master at the 
beginning of each trial.  
 

Insert Figure 1 about here 
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Data Processing 
Kinetic data collected from the Balance Master were used to compute each participant’s COP. 
Sagittal plane COP was used to characterize the kinematic response to the perturbation. EMG 
data were bandpass filtered using a 20 to 450 Hz, 4th order Butterworth filter. The filtered data 
were then rectified and passed through a 40 Hz low pass filter before being down sampled to 100 
Hz, matching the COP data. Both the COP and EMG data for each trial were temporally 
synchronized to the perturbation onset and an analysis window composed of 200 ms prior to and 
750 ms after the perturbation onset was identified. The beginning of the analysis window was 
selected to provide a stable baseline measure prior to the perturbation, and the cut off time was 
selected because the COP of all participants had stabilized by 750 ms after the perturbation.   
For each participant, the mean waveforms of the COP and EMG for each muscle were computed 
after removing the first trial of each perturbation block. This was to prevent including the startle 
response that participants displayed in response to the first perturbation. Therefore, thirty total 
trials were used to develop the mean waveforms for both exoskeleton conditions (with and 
without H2). COP waveforms were amplitude normalized such that the first point of each 
waveform was zero. EMG waveforms for each muscle, for each participant, were amplitude 
normalized using the mean value of the EMG collected across the two perturbation conditions. 
Due to the symmetrical responses of the leg muscles to the perturbations, only the EMG from the 
left leg was analyzed. COP pathlengths were also computed for each perturbation trial (18), as 
well as COP velocity and position for each exoskeleton condition.  
 
Data Analysis 
For the 2-minute baseline trials, the RMS of the COP and COP velocity over the entire 
waveforms were obtained for each participant (Prieto, et al., 1996, Fasola, et al., 2019). For the 
perturbation trials, a data analysis window of 950 ms divided into three epochs was established. 
These epochs reflected significant behavioral responses associated with the perturbations. These 
consisted of a baseline (200 ms prior to perturbation onset), response (0 to 350 ms after onset 
which represents the peak COP value) and recovery (351-750 ms after onset). Within these 
analyses’ windows, we obtained peak COP, peak COP velocity, and maximum pathlength (i.e. 
the final pathlength value in the analysis window), and RMS EMG and peak amplitude, for each 
muscle, were obtained for each trial and participant, Individual means were then calculated. The 
Kolmorgorov-Smirnov test was used to ascertain the data were normally distributed. To 
determine if there were systematic effects of wearing the H2, these 0D variables were tested for 
potential significant differences using t-tests, using an alpha level of 0.05. 
 
Using SPM, potential differences in COP, pathlength and EMG for each muscle, between the 
two H2 conditions, for each participant, were evaluated. For each participant, the results of the 
SPM analyses are presented as a percentage of samples within each epoch that are significantly 
different between the H2 and no H2 conditions. 
 
RESULTS 
In this report, we present the results of the 0D variables in the traditional manner of reporting 
group means and standard deviations (SD), combined with statistical testing outcomes. SPM 
testing is an effective technique to assess potentially different strategies by individuals in 
response to the perturbations and thereby affords additional insights into response strategies 
beyond what can be deduced from 0D variables. As Bates (1996) stated, single subject 

In review



assessments are appropriate when “variations in movement are the result of different solutions 
(strategies) to the same task by individual subjects” (p. 633). In concert with the concept that 
new generations of robotic exoskeletons will require design features that allow for 
personalization to meet the unique needs of individuals, we report the outcome of SPM 
procedures, for each of our participants to the postural perturbations.  
 
0 Dimension Results 
Static Balance  
Figure 2A displays the group means (plus 1 SD) of the RMS data calculated across the entire 
COP waveform of the 2-minute static balance test. There was no statistical difference between 
the two means (H2 = 0.594 ± 0.318 cm, No H2 = 0.651 ± 0.318 cm, p = 0.636), indicating that 
the magnitude of sway was not impacted by wearing the H2. Figure 2B displays the mean RMS 
values of the COP velocity for both the H2 (mean: 0.013 ± 0.002 cm) and No H2 conditions 
(mean: 0.024 ± 0.012 cm). A t-test comparing the two conditions found no significant 
differences (p = 0.067), although there was a clear trend toward increased velocity in the H2 
condition. Six of the seven participants demonstrated increased RMS velocity in the H2 
condition. 
 

Insert Figure 2 about here 
 
Figure 3 provides a representative example of the COP and the associated EMG activation 
patterns in response to the posterior perturbation. 
 

Insert Figure 3 about here 

Interestingly, statistical testing revealed that there were no significant differences with or without 
the H2, for any of the 0D EMG measures. 
 
Figure 4 displays mean peak COP, COP velocity, and pathlength for each exoskeleton condition. 
Mean peak COP for the H2 condition (6.87 ± 1.05 cm) was significantly less (p = 0.023) than the 
No H2 condition (7.63 ± 0.51 cm). Mean peak velocity was significantly different (p = 0.032) in 
the H2 condition (0.45 ± 0.108 cm) compared to the No H2 condition (0.55 ± 0.102 cm). Mean 
peak H2 pathlength (13.48 ± 3.85 cm) was significantly different (p = 0.032) than the No H2 
pathlength (16.04 ±1.94 cm). 
  

Insert Figure 4 about here 

1 Dimension Results 
Figure 5 shows an exemplary outcome of SPM testing for a participant whose COP was affected 
by wearing the H2.   
 

Insert Figure 5 about here 
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SPM Outcomes 
Figure 6 displays the percentage of COP variable samples in a particular analysis epoch that 
were significantly different during testing with and without wearing the H2. It is readily apparent 
that wearing the H2 impacts each of the participants in a unique manner. These individual 
analyses are an important feature provided by SPM relative to traditional 0D analyses. That 
being said, while SPM does provide samples that are statistically different between waveforms, 
knowledge of the direction of difference (i.e., did wearing the H2 results in greater or less 
magnitude of a given variable) is needed to more completely understand the impact of the H2. 
Therefore, the direction of change is also represented in Figure 6 by color. Figure 7 displays the 
results of SPM analyses, for each epoch, for the four monitored muscles. The color-coding 
representing the direction of difference is the same as in Figure 6.  
 

Insert Figures 6 and 7 about here 
 
Participant 1 showed relatively high percentages of significant differences across the COP 
(Figure 6) and muscle activation waveforms (Figure 7)  in all three analysis epochs. Participants 
5 and 6 displayed a number of significant differences between the COP waveform, but few in the 
EMG waveforms. Participant 7 shows a similar pattern of differences, but the percentage of 
samples that are significantly different is much fewer than those observed for Participants 5 and 
6. In contrast, Participant 3 displays many significant changes in EMG waveforms across 
multiple epochs, but few changes in the COP variables. It should be further noted that some 
participants displayed reduced responses while wearing the H2 at the same time that others 
displayed greater responses. Similarly, the direction of change may differ between the COP and 
EMG variables. Figure 6 also illustrates that six of seven participants display differences in the 
Response and Recovery epochs for pathlength. Additionally, all participants display some 
significant differences in COP velocity between the H2 and No H2 conditions during the 
Response epoch. In summary, SPM analysis of the 1D waveforms effectively revealed that all 
participants were impacted by wearing the H2 exoskeleton, but – importantly – that each 
participant displayed different patterns of behavior and neuromuscular activation in response to 
the perturbations.  
 
Discussion 
When exploring potential changes resulting from wearing an exoskeleton there are several 
important factors to consider. Many exoskeletons, including the H2, add significant additional 
mass that must be adapted to and controlled for. The addition of mass to the human body can 
lead to compensatory changes in positioning (Singh and Koh, 2009) as well as alter inertial 
characteristics (Haddox, et al., 2020). Many exoskeletons will increase the base of postural 
support (BOS) which, under typical circumstances, will tend to increase postural stability; 
however, this may not always be the case with all exoskeletons. The H2 also includes foot pads 
as contact surfaces with the ground that could interfere or modulate cutaneous and 
proprioceptive inputs normally used to control balance. Finally, depending upon the amount of 
structural support offered by an exoskeleton, muscle activation patterns, and their associated 
torques may need to be modified, via motor learning (Zhu, et al., 2021), in order to maintain 
stability. How these factors uniquely interact with the user will determine the responses observed 
during both quiet stance and postural perturbations.  
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Effect of H2 During Static Balance Testing 
The COP RMS measures of the 2-minute static baseline condition indicate there was not a 
systematic effect of wearing the H2 during quiet stance. Some participants exhibited greater 
sway, while others swayed less. This group-level finding is consistent with the findings of 
Ringhof, et al., (2019), which identified no influence of their exoskeleton on bipedal quiet 
stance. It does, however, contrast with those of Schiffman, et al., (2008), who found a significant 
decrease in COP sway. As in the current study, the participants in both Ringhof, et al., (2019) 
and Schiffman, et al., (2008) were healthy, young adults. It is likely that differences in both 
exoskeleton design and data collection procedures (e.g., assessment time, arm positioning, 
perturbation characteristics) could affect the results. In this study, all but one participant 
demonstrated an increase in peak COP velocity, which may suggest that the H2 could subtly 
impact the subtle motor control necessary to minimize sway during static balance.  
 
Effect of H2 in Response to Perturbations 
The first observation to note is that in this study, none of the participants felt the need to take a 
step to maintain their balance, with or without the H2. This is consistent with the findings of 
Fasola, et al., (2019), which also provided perturbations to young, healthy participants and 
observed no falls while wearing an exoskeleton. The current findings indicate the H2 mechanical 
structure and physical human-robot interface via the cuffs appears to provide enough stability to 
the user to allow for successful balance responses to external perturbations, at least with healthy 
participants. 
 
The results from the statistical tests of the 0D variables indicate there is a significant behavioral 
effect of wearing the H2 during the responses to posterior perturbations. The combination of 
reduced peak COP position, velocity and pathlength strongly suggest that the wearing of the H2 
restricts the magnitude and velocity of sway associated with perturbation responses, relative to 
not wearing the exoskeleton. This reduced sway is not a function of the increased weight 
provided by the H2, as the Balance Master adjusts each perturbation for the increased weight of 
the device, such that the perturbation characteristics remain the same with or without the H2. The 
reduction in sway appears to be associated with the restriction of kinematic degrees of freedom 
that are available to participants during the perturbation. The inability to move the hip, knee and 
ankle joints through their natural range of motion modulates neuromuscular activation patterns 
thereby influencing the coordination of postural response, as reflected in the altered COP.  
Of particular interest is the fact that the participants utilized different neuromuscular activation 
strategies in response to the same perturbations. These strategies effectively worked to achieve 
the same goal – the maintenance of standing balance – but did so by utilizing a variety of 
different kinematic and electromyographic combinations. These findings would have been 
missed, had SPM testing not been performed in combination with the traditional 0D analysis.  
 
Figure 6 reveals that all participants did display significant changes in at least some COP 
parameters. Figure 7 reveals that some participants displayed many differences in neuromuscular 
activation while in the exoskeleton, while others showed very few differences. These results 
reflect that responses to perturbations while wearing an exoskeleton are highly individualized 
and that a variety of analytical measures are valuable in identifying unique response patterns. 
 

In review



Limitations 
The current study features a relatively low number of participants, limiting the degree of 
generalizability of these results. However, despite low participant numbers, our analysis 
demonstrated group statistical differences in several behavioral variables (e.g., COP) as a result 
of wearing the H2. SPM analysis also demonstrated robust differences between wearing and not 
wearing the H2, while also identifying personalized behavioral and neuromuscular response 
patterns. As only one model of the exoskeleton was used in this study, these results should be 
cautiously applied when considering other exoskeleton models. Results should be carefully 
applied to any other model of exoskeleton. The H2 does, however, share many similar features to 
other exoskeletons currently on the market. In particular, and by design, exoskeletons limit the 
available degrees of freedom and joint ranges of motion, which are likely mechanisms for the 
differences we identified between the two exoskeleton conditions. Moreover, the physical 
interface between the user and the robot, which includes cuffs to secure the exoskeleton and 
which may result in variant levels of compliance due to soft tissue (Bayón, et al., 2022), is also 
likely to affect the responses to the postural perturbations. 
 
Conclusions 
This investigation has revealed that wearing the H2 exoskeleton does impact responses to 
posterior support surface translations, as reflected in decreased magnitude and velocity COP 
responses. This appears to be primarily the result of restricted lower limb joint motion and the 
compliance of the physical robot-user interface, thereby modulating the coordination patterns 
available in response to the perturbation. Despite this, all participants were able to develop 
effective responses that enabled them to maintain their stability without falling, or even requiring 
a step. These coordination patterns varied greatly by participant. Likewise, there was significant 
intraindividual variability in the neuromuscular responses to perturbation. This again points to 
unique, individualized approaches to the maintenance of stability. We believe our results provide 
compelling evidence that robotic exoskeleton users will interact with the same exoskeleton 
device in a unique manner. Developers should seek to maximize the number of individualized 
features on their exoskeleton systems in order to best tailor and adapt their devices to the 
morphology and responses of the end-user. 
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Figure captions 
Figure 1. A fully instrumented participant prepared for data collection with and without wearing 
the H2 exoskeleton while standing on the Neurocom Balance Master. Note the foot pads on H2. 
During data collection the participant was secured in a harness to prevent falling. 
Figure 2. COP and COP velocity RMS values with and without the H2 during static baseline 
testing. 
Figure 3. Exemplar COP and EMG waveforms from a single participant. Perturbation onset 
occurred at 200 on the abscissas (blue vertical line).  
Figure 4. Group means (plus 1 SD) for peak COP, peak velocity, and pathlength. * indicates p < 
0.05. 
Figure 5. An exemplary SPM waveform displaying significant effects of wearing the H2 on the 
COP. The shaded areas represent portions of the COP waveform where statistically significant 
differences occurred. The p < 0.05 value is represented by the dotted lines at 4 and -4 on the 
ordinate. Perturbation onset occurred at 20 on the abscissas.   
Figure 6. The percentage of significant SPM testing t-values for each analysis epoch for COP by 
participant. A = Baseline, B = Response, C = Recovery, P = participant number. Values in blue 
represent that the value obtained while wearing the H2 is less than when obtained while no 
wearing the H2. Values in gold, represent the opposite direction of change. If there were no 
significant difference between wearing and not wearing the H2 there is no data represented on 
the chart for a given variable and epoch. 
Figure 7. The percentage of significant SPM testing t-values for each analysis epoch for the 
EMG activation waveforms, by muscle and participant. 
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