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ABSTRACT With rapid advancements in exoskeleton technologies, a whole-body powered exoskeleton
(WB-PEXO) for augmenting human physical capacity (a ‘‘super-operator’’) is generating increasing atten-
tion as an integral part of Industry 4.0. Our understanding of WB-PEXO use is lagging, however, largely due
to the lack of detailed evaluations via human-subjects testing of a WB-PEXO. We examined (independently
from themanufacturer of aWB-PEXO) the potential impacts of using a state-of-the-artWB-PEXO prototype
(pre-alpha prototype version of the Sarcos Guardian R© XO R©) on users (n = 5) during a common basic
activity in the workplace, level walking. With emphasis on the ‘‘human’’, impacts of XO use (compared
to a no EXO baseline) were assessed in terms of lower limb intersegmental coordination, muscle activity,
and postural dynamic stability. A larger variance between participants was observed for intersegmental
coordination with XO use, and participants appeared to rely on more hip motions. When using the XO,
participants exhibited higher muscle activity levels in the lower limb muscle groups monitored. Further,
there was a moderate to high similarity in muscle activity profiles between the XO and no EXO conditions
(RXY (τ ) = 0.70− 0.92), yet muscle activity profiles when using the XO were generally time-lagged from
those without the XO. We discuss the results within the context of developing a mental model for walking
with the XO, and aspects of human-robot interaction such as transparency of the XO and understanding user
state and intention. In concluding, we outline several future research topics for occupational WB-PEXO
development.

INDEX TERMS Gait performance, human-robot interaction, occupational exoskeleton, whole body system.

I. INTRODUCTION
Use of wearable robotic systems such as exoskeletons – non-
powered (passive) or powered (active) mechanical systems
that enhance/assist the strength and/or performance of the
wearer – has generated great interest in occupational appli-
cations. Work-related musculoskeletal disorders (WMSDs)
continue to be an important health issue in the workplace
of many industrialized countries [1], [2]. The physical aug-
mentation offered by (occupational) exoskeleton use is an
innovative solution to control WMSDs, particularly dur-
ing physically demanding jobs [3], [4]. Lab-based studies
have indicated beneficial effects of passive exoskeleton on
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worker safety and performance, for example, during over-
head tasks [5], [6], static trunk bending [7], [8], and repeti-
tive lifting [9], [10]. Further, though limited in quantity and
comprehensiveness, several industry pilots have addressed
use, acceptance, and effectiveness of passive exoskeletons
(e.g., Ford [11], Toyota [12], Boeing [13]). Passive exoskele-
ton use is thus a very promising intervention approach in
industrial settings, and a majority of commercially-available
exoskeletons are passive (e.g., exoskeletonreport.com).

In contrast, powered exoskeletons are relatively less
mature, being more in the developmental phases. Existing
work on powered, occupational exoskeletons has had more
emphasis on prototyping, structural design, and control algo-
rithms while targeting a specific body part such as the low
back [14], [15], the lower extremity [16], [17], or the upper
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FIGURE 1. Early pre-alpha prototype of the occupational whole-body powered exoskeleton
(WB-PEXO) tested (Left) and the recent version demoed at the 2020 Consumer Electronics Show
(Right), Guardian R© XO R©, Sarcos Robotics (www.sarcos.com).

extremity [18], [19]. There are a few reports on the effective-
ness of a commercially-available powered exoskeleton for the
low back [Hybrid Assistive Limb (HALTM) for Care Sup-
port, Cyberdyne, Ibaraki, Japan] during snow shoveling [20],
repetitive lifting [21], and patient handling [22]. These and
related studies suggest that a powered exoskeleton is likely
heavier and more complex in design than a passive one, but
that it can bemore versatile and functional with active control.
Powered exoskeletons are also consistent with the idea of
a ‘‘super-strength operator’’ in the next industry revolution
(Industry 4.0; Romero et al. [4]), in that such augmentation
technology is likely to be an important part of the future
workforce as Industry 4.0 is being realized.

The development of a whole-body powered exoskeleton
(WB-PEXO), however, is still a significant challenge.
As early as the 1960s, though, the technical concept
of WB-PEXOs was promoted for moderate-heavy duty
jobs [23], [24]. The first practical implementation of
a WB-PEXO was the Hardiman, a hydraulic experimen-
tal prototype with 28 joints and two robotic end effec-
tors, developed by General Electric between 1965 and
1971 [25]. Since then, improvements in actuators and con-
trol algorithms have enabled the development of modern
WB-PEXOs. In the 1990s, a team from Berkeley proposed a
novel under-actuated, hybrid material handling system with
passive and active joints operating through force-feedback
control [26]. Little information, however, is available on
the overall performance of this system. The Body Exten-
der is an electrically actuated WB-PEXO, developed as
a research platform to investigate user augmentation user
during heavy load handling [27]. Sankai [28] reported the
(at the time) latest version of the Cyberdyne HALTM-5
WB-PEXO, which uses electromyographic signals to esti-
mate user intention and can support a lifting capacity of
up to 70 kg. Several other WB-PEXOs have been devel-
oped. For example, in 2010 Panasonic Activelink presented a

WB-PEXO designed for heavy-duty jobs [29], and the Dae-
wooWB-PEXO prototype was described in 2014 had a lifting
capacity of 30 kg during tasks relevant to shipbuilding [30].

II. STATE-OF-THE-ART OF WHOLE-BODY POWERED
EXOSKELETONS (WB-PEXOS)
The Sarcos Guardian R© XO R© ( www.sarcos.com) is an
advanced, near market-ready WB-PEXO, and its unteth-
ered operation was demonstrated at the 2020 Consumer
Electronics Show. This system is lineal to the hydraulic
XOS series from Sarcos Robotics. In the early 2000s,
the XOS series were hydraulically-actuated WB-PEXOs
developed for logistics demonstrations purposes. The XOS 2,
demonstrated in 2010, was 50% more energy-efficient than
XOS 1, and was a tethered exoskeleton with 24 active
degrees-of-freedom (DOFs) that provided a lifting capacity
of up to 45 kg. Because of the high power consumption
of the XOS series, Sarcos has developed a new WB-PEXO
with electric actuators that: 1) can address both the energetic
autonomy and heat generation/dissipation issues of previous
XOSs; and 2) can enhance human capacity, specifically
in industrial settings. With a dramatic reduction in power
consumption, Sarcos announced the first battery-powered
WB-PEXO, the Guardian R© XO R©, for occupational
applications.

The current study examined an early, pre-alpha version
of the XO R© (Figure 1), with mass = 110 kg and which
included 16 active DOFs spanning the shoulders (flexion/
extension and ab/adduction), elbows (flexion/extension),
trunk (axial rotation and lateral bending), hips (flexion/
extension, ab/adduction, and axial rotation), and knees
(flexion/extension). With torque sensors at the major body
joints, the XO R© controller uses a ‘‘Get-Out-Of-The-Way’’
control scheme to effortlessly follow human movements
and to amplify the user’s joint torques, by employing
an optimal torque control and effective dynamic inertial
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compensation [31]. It also includes several tunable param-
eters – including actuation gains (torque amplification) and
payload and gravity compensation – each of which can be
adjusted for a specific user/operator. User control inputs are
obtained using six force sensing units embedded in the hands,
feet, upper back and pelvis components of theXO R©. The pre-
alpha version XO R© examined, however, had no task-specific
optimization applied to the controller and had underactuated
ankle joint. Note that detailed XO R© design specification and
implementation approaches are proprietary and thus notmade
available here.

Despite considerable research efforts and progress in occu-
pational WB-PEXO development, no detailed information is
available in the current literature on human-subject testing
with market-ready WB-PEXOs or their prototypes that have
enough fidelity for testing. This lack of evidence is likely
due to concerns about intellectual property. However, recent
literature on open innovation (e.g., [32], [33]) emphasizes
the importance of active collaborations between an organi-
zation (or firm) and a variety of external partners to support
information sharing and innovation. An example of such a
collaborative effort is understanding how using a WB-PEXO
affects the human operator in terms of physical and mental
demands, usability, task performance, and workplace safety,
and modeling human-exoskeleton interactions. Understand-
ing of these aspects can, in turn, help to: 1) promote preven-
tion through design (PtD) in the development of WB-PEXOs
that proactively ‘‘design out’’ any potential risks to the user;
2) advance research and practices for safe implementation
and use of WB-PEXOs, by informing those in the industry
about when, how, and the extent to whichWB-PEXO use can
benefit their workers and workplaces; and 3) prompt regula-
tory bodies to prepare the necessary rules and regulations (or
a plan for these), for future successful applications of such
technologies.

We thus conducted a human-in-the-loop study to assess the
potential impact of using a state-of-the-art WB-PEXO proto-
type on users during level walking, as part of a larger ongoing
research project that investigates how human operators learn,
use, trust/accept and adapt toWB-PEXO technologies. In this
first study, level walking was selected since it is a fundamen-
tal motor skill, and workers with a WB-PEXO are likely to
move about their workplace, regardless of the particular tasks
for which the WB-PEXO is eventually going to be used.
The impact of the WB-PEXO prototype was examined in
terms of the user’s control of body motion, muscle activity,
and interactions between them and the system. Note that the
current study was not intended as a formal user testing (given
that an early prototype was examined here) but rather as third-
party, human-in-the-loop testing to inform the current state
of occupational WB-PEXO development, and support the
development of appropriate use-cases, measurement metrics,
and other methods. Testing was conducted independently
from Sarcos, though company representatives provided tech-
nical support to operate the XO R© prototype. The cur-
rent study was exploratory by nature, designed to generate

information to facilitate the future development of
WB-PEXO technologies.

III. METHODS
A. PARTICIPANTS
A convenience sample of five healthy male participants com-
pleted the study. Prior to data collection, informed con-
sent was obtained from all participants following procedures
approved by the Virginia Tech Institutional Review Board.
Respective mean (SD) age, body mass, and stature were
36 (11.9) yrs, 79.0 (8.2) kg, and 183.8 (2.8) cm. None of
the participants had self-reported recent (past 12 month) or
current musculoskeletal disorders or injuries. Participants
were trained to use the XO R© prototype in 3-5 sessions over
a 2-3 week period, during which they explored a range of
tunable parameters and selected their preferred parameter
values.

B. EXPERIMENTAL PROCEDURES, AND
INSTRUMENTATION
Participants completed trials of level walking with and with-
out using the XO R© prototype. For each trial, participants
wore the same type of standard, steel-toed work boots, and
they were asked to walk across a linear 10-meter track at a
comfortable speed. In both baseline (no XO) and XO condi-
tions, participants first performed several walking trials for
familiarization and then completed six walking trials for data
collection. When using the XO, participants were fitted com-
fortably with the XO, and tunable parameters for XO control
were adjusted; the fit and comfort were verbally checked
by the investigators. Any fine adjustments were made when
needed. If an adjustment was made, participants were asked
to complete an additional walking trial prior to data collec-
tion. A minimum of 1-minute rest was provided between the
XO conditions and after familiarization. The presentation
order of XO conditions was random across participants.

During each walking trial, whole-body kinematics were
captured at 60 Hz using a wearable inertial motion capture
system (MVN Awinda, Xsens technologies B.V., Enschede,
the Netherlands) with 17 inertial measurement units (IMUs).
Note that gait speed was obtained from the MVN system.
Muscle activity was monitored using a telemetered surface
electromyography (EMG) system (UltimumTM Noraxon,
AZ, USA). After appropriate skin preparation, pairs of
pre-gelled, bipolar, Ag/AgCl electrodes with a 2.5 cm
inter-electrode spacing were placed bilaterally over four
accessible muscle groups following earlier studies [34]: vas-
tus lateralis (VL; role = knee extension), biceps femoris
(BF; hip extension and knee flexion), tibialis anterior
(TA; ankle dorsiflexion and inversion), and medial gastrocne-
mius (MG; ankle plantarflexion). To normalize EMG signals,
isometric maximal voluntary contractions (MVCs) were per-
formed for each muscle group prior to the gait trials. Partici-
pants sat on a chair and performed separate knee and ankle
flexion and extension against manual resistance, while the
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included knee and the ankle joint angles were at ∼90◦. For a
givenmuscle group,MVC trials were replicated twice, during
which non-threatening verbal encouragement was provided.
At least 30 seconds of rest were provided between MVC
trials. After completing MVC trials, at least 5-min. of rest
was given before proceeding with the protocol. Raw EMG
signals were sampled at 2 kHz, and these signals were subse-
quently band-pass filtered (20-450Hz, 4th-order Butterworth,
bidirectional). EMG signals were then low-pass filtered (6 Hz
cut-off, 2nd order Butterworth, bidirectional) to create lin-
ear envelopes. A normalized EMG (nEMG) envelope was
obtained for eachmuscle group using the correspondingmax-
imum value obtained during MVCs (i.e., 0-100%).

C. GAIT ANALYSIS
Gait performance was assessed based on gait cycles obtained
during the level-walking trials. A gait cycle was defined from
the time of one right heel strike to a subsequent right heel
strike. Heel strikes were first identified using a combination
of gait event data from the inertial motion capture system and
the method described by Zeni et al. [35], then identified heel
strikes were visually confirmed.

1) LOWER-LIMB INTERSEGMENTAL COORDINATION
Kinematic coordination between the movements of major leg
segments was examined using the planar law of interseg-
mental coordination [36]. This law suggests that lower-limb
elevation angles (EAs) – the angles between the limb seg-
ment projected onto the sagittal plane and the vertical axis
– covary and form a teardrop-shaped loop on a so-called
intersegmental covariation plane. EAs were calculated for the
thigh, shank, and foot, and were re-sampled to 100 points for
each gait cycle. Normalized gait times were defined as: first
heel strike t = 0%, and next heel strike t = 100%. Principal
component analysis (PCA) was then applied to normalized
EAs to characterize the noted loop, by determining planarity
(i.e., the percentage of variance explained by the first 2 PCs),
covariance loop width (i.e., percentage variance explained by
the second PC), and the orientation of the covariance plane.
The latter is the direction cosine between the 3rd principal axis
of the loop and the positive semi-axis of the thigh segment,
often referred to as µ3t . A planarity value of 100% means
an ideal plane (i.e., the 3rd eigenvalue = 0), and values
of ≥97-99% are typical for human gait [37]. Planarity and
the covariance plane orientation reflect temporal covariances
among EAs during gait [38], [39], and these change system-
atically during different gaits such as marching, crouching,
obstacle crossing [37].

2) CROSS-CORRELATION OF LOWER-LIMB MUSCLE
ACTIVITY WITH VS. WITHOUT XO USE
Given that no information was available about how the
prototype XO interacts with the user during level walking,
we examined if participants had similar muscle-recruitment
patterns (via nEMG) at comparable gait phases with vs.
without XO use. Specifically, normalized cross-correlation

(NCC) with time delay (τ ) was performed on the pairs of
corresponding nEMG profiles (i.e., X (t) and Y (t)) in the two
XO conditions [40], or RXY (τ ) = E [X (t)Y (t − τ )]. Note that
RXY (τ ) ∈ [−1, 1] is a measure of the similarity in shape
between two profiles after imposing a delay. To calculate this,
for a given XO condition the nEMG values from each muscle
group were re-sampled to 100 points for each gait cycle, and
these points were then ensemble-averaged to produce nEMG
profiles across each gait cycle.

3) LOCAL DYNAMIC STABILITY
To quantify gait stability during specific gait phases,
we used phase-dependent local dynamic stability (pLDS;
Ihlen et al. [41]) and a conventional LDS, since they provide
distinct information regarding postural stability [42], [44].
The former was to calculate the time-dependent Lyapunov
exponent (λpLDS ):

λpLDS =
d < ln < di(t)�

dt
(1)

where the outer bracket <> represents the mean of the
ensemble of logarithm of divergence curves, and (< di(t) >)
is the distance between the reference point and the ith nearest
neighbor trajectory at time t . Before taking the time deriva-
tive (d/dt) of the divergence curve over a stride, the loga-
rithm of divergence curves were low-pass filtered (6 Hz, 2nd
order Butterworth, bidirectional), similar to the approach by
Mahmoudian et al. [42]. To compute the divergence curves,
a 6D state space was constructed using 3D accelerations
and angular velocities of the pelvis IMU of the inertial
motion capture system. The state space time series for the
first 35 strides were then re-sampled so that each stride was
on average 100 samples in length [43], which maintained
temporal variability between strides. To examine the stability
of the XO, separate pLDS analyses were done using the
state space constructed using 3D acceleration and angular
velocities of the IMU contained in the ‘‘pelvis’’ part of the
XO. Of note, the XO pelvis part was connected securely to
the users’ pelvis using straps at the waist (see Figure 1).
In the case of the conventional LDS, themaximumfinite-time
Lyapunov exponent (λ0.5Stride) was estimated as the slope of
the resulting divergence curves over 0.5 strides [43], using the
same 6D state space as for pLDS.

IV. RESULTS
A. LOWER-LIMB INTERSEGMENTAL COORDINATION
Gait speed and stride time (right heel strike to right heel
strike) decreased when using the XO. Respective means (SD)
for gait speed and stride time were 0.57 (0.12) m/s and
1.27 (0.07) s in the XO condition; and 1.11 (0.09) m/s and
0.54 (0.05) s in the baseline condition. Profiles of foot, shank,
and thigh EAs during gait cycle were, however, comparable
between the XO and baseline conditions. At the same time,
the respective ranges of these EAs were narrower when using
the XO (Figure 2). PCA on EA profiles showed that pla-
narity (percentage variance explained by PC1 and PC2) was
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FIGURE 2. Ensemble averages of elevation angle (EA) profiles of the foot, shank, and thigh segments during level walking (Left), and their 3D
gait (or planar covariance) loops (Right). Note that shaded regions in the left image indicate ±2 standard errors, and that the arrow in the right
image indicates progression in time.

FIGURE 3. Biplots of foot, shank, and thigh elevation angles (EAs) for first 2 principal
components (PCs) during gait cycles [Top: Baseline (i.e., no XO) condition; Bottom: XO
condition]. Note that cusp points in the positive horizontal side of the figures indicate
heel strike, and arrows indicate progression in time.

consistently high in both the baseline [99.2 (0.3) %] and
XO [98.9 (0.5) %] conditions. Yet, covariance loop width
(percentage variance explained by PC2) was larger in the
XO condition [26.5 (13.1) %] vs. baseline [13.1 (1.3) %].

A biplot of PCA results on EA profiles (Figure 3) shows
how each foot, shank, and thigh EA contributed to PC1 and
PC2. In the baseline condition, foot, shank, and thigh EAs
were loaded consistently on PC1 and PC2 across participants.

Foot and shank EAs strongly influenced PC1, while thigh
EAs strongly influenced PC2. Loadings of the EAs sug-
gested high between-subjects variability in the prototype
XO condition, in that these loadings were less consistently
clustered for each segment compared to the baseline. Magni-
tudes of u3t (covariance plane orientation), were comparable
between the baseline [0.74 (0.02)] and the XO [0.75 (0.06)]
conditions.
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FIGURE 4. Normalized electromyography (nEMG) of the vastus lateralis (VL), biceps femoris
(BF), tibialis anterior (TA), and medial gastrocnemius (MG) muscle on the ipsilateral (right leg
here) and contralateral (left leg here) sides during level walking. Shaded regions indicate
±2 standard errors.

B. MUSCLE ACTIVITY WITH VS. WITHOUT WB-PEXO USE
Using the prototype XO increased muscle activity levels in
both the ipsilateral and contralateral legs during level walking
(Figure 4). Further, NCC analyses of nEMG profiles showed
that using the prototype XO generally caused phase lags
in these profiles, as indicated by negative delay values at
maximal RXY (τ ), as summarized in Table 1. There were
exceptions, though, for the ipsilateral VL and TA muscles,
with respective values of τ = 0.0 and 5.8%. Additionally,
BF nEMG profiles were least similar between XO condi-
tions [maximal RXY (τ ) = 0.7 for ipsilateral, and 0.73 for
contralateral], compared to other nEMG profiles [maximal
RXY (τ ) = 0.82–0.92 for ipsilateral and 0.82–0.88 for con-
tralateral muscles].

C. LOCAL DYNAMIC STABILITY DURING LEVEL WALKING
Means of the ensemble of the logarithm of phase-dependent
divergence curves for the pelvis are presented in Figure 5.
These curves were obtained both with and without the
XO, and using both IMU data from participants and
from the pelvis component of the XO when relevant.

Between XO conditions, participants exhibited a consistent
pattern in λpLDS shifts within a gait cycle, and compara-
ble λpLDS values. Interestingly, the phase-dependent curve
obtained using the XO pelvis IMU was distinct, in that λpLDS
values approached zero after initial heel strike and remained
around zero subsequently. Results from using conventional
LDS showed that participants had lower λ0.5Stride values in
the XO condition [0.34 (0.04)] compared to baseline (i.e.,
no XO) [0.74 (0.21)]. The λ0.5Stride values from the XO IMU
were higher [1.10 (0.46)] than those values obtained using the
participant’s pelvis IMU, regardless of whether or not they
were using the XO.

V. DISCUSSION
Overall, the current results indicate that using an occupa-
tional WB-PEXO (whole-body, powered exoskeleton; pre-
alpha XO R© prototype) caused several changes during level
walking. The extent of these changes, however, differed
in terms of lower-limb segment kinematics and coordina-
tion, patterns of leg muscle activity, and local dynamic
stability.
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TABLE 1. Mean (SD) of maximal cross correlation values (maximal RXY (τ )) and corresponding time lags (τ ; % in gait cycle) for corresponding normalized
EMG profiles between the baseline and XO conditions during level walking. A negative time lag value means that a profile from the XO condition is time
lagged from that in the baseline condition.

A. CHANGES IN GAIT KINEMATICS
Both with and without XO use, elevation angles (EAs) of the
thigh, shank, and foot formed a loop that was close to a plane,
as evidenced by high planarity values [99.2% for the baseline
(i.e., no XO) and 98.9% for XO]; this outcome conforms
to the planar law of intersegmental coordination [36], [46].
The shape of the gait loop was similar between the XO and
baseline conditions (Figure 2). Yet, using the prototype XO
shortened the length of the gait loop, as indicated by larger
covariance loop widths (i.e., percentage variance explained
by PC2 = 26.5% in the XO condition vs. 13.1% in the base-
line condition). Given evidence that the gait loop stretches
with increasing gait speed [47], [48], the shortening observed
here was likely an outcome of reduced gait speed when using
the prototype XO. Chow and Stokic [47] further noted that
the noted stretching is associated with a larger change of foot
EA over the gait cycle (i.e., steeper slope), compared to either
shank and thigh EAs. Here, foot EA changed relatively less
over the gait cycle when the XO was used (Figure 2), likely
explaining the shortening of the gait loop. These distinct
outcomes for the foot might have occurred because the ankle
joint in the XO prototype was not fully actuated at the time
of testing, thereby limiting ankle motion.

Loadings of foot, shank, and thigh EAs on PC1 and
PC2 were less consistent across participants when using the
XO (Figure 3). Furthermore, foot and thigh loadings on
PC1 tended to increase when using the XO, while shank load-
ing on PC1 decreased. Interestingly, these changes in foot,
shank, and thigh loadings were also reported with increasing
gait speed [47]. Ivanenko et al. [49] indicated that an increase
of thigh loading on PC1 is associated with the role of thigh
motion in regulating gait speed. When using XO, it thus
appears that the hip (or thigh motion) played a critical role in
regulating gait, even though gait speed was relatively slower
compared with the baseline. This difference again may be
attributed to the ankle actuator of the XOprototype examined.
In this prototype XO, the boot (foot) was connected securely
to the rigid foot component of the XO that also contains force
sensing units. This interface is one pathway to provide inputs
to the XO; thus, foot motion or a perturbation to the foot may
cause undesirable inputs to the XO. Accordingly, users might
have relied on more hip movements when using the XO.

B. DIFFICULTY ADAPTING TO WB-PEXO USE?
Muscle activity in the ipsilateral and contralateral lower
limbs generally increased with prototype XO use through-
out the gait cycle (Figure 4), which suggests an increase
in lower-limb joint forces. Earlier studies on powered,
lower-limb (e.g., ankle, hip) orthoses/exoskeletons showed
that using such a device can increase lower-limbmuscle activ-
ity, particularly during an initial adaptation/learning period
e.g., [50]–[52]. This earlier work may not be directly com-
parable to the current outcome, though, due to differences in
the purpose of the exoskeletons tested (i.e., occupational vs.
clinical/rehabilitation). When an exoskeleton is used, how-
ever, individuals learn to reduce their joint muscle torques
to maintain total joint torque (human plus device) consistent
with the biological joint torque [53], [54]. These authors and
Shemmell et al. [55], in fact, suggested that a priority ofmotor
planning is on maintaining joint kinetic invariance rather than
joint kinematics. If so, our observed change in gait kinematics
may reflect efforts to maintain joint kinetic invariance.

Our current results further indicate that the participants
may have not developed a sufficient mental model or internal
representation of walking with the prototype XO. A mental
model here is considered as the capability to predict the forces
that will be experienced during forthcoming movements and
to produce proper motor commands [56], [57]. During the
period of learning to walk with a lower-limb exoskeleton,
individuals were found to activate their lower-limb muscles
almost continuously and, in many cases, at a higher level
compared to baseline (i.e., no exoskeleton) [50], [53], [58].
Such muscle recruitment may be used to increase joint
and muscle impedance to facilitate increased gait stability
e.g., [59], [60]. Consistent with this, we found that local
dynamic stability (LDS) over strides (λ0.5Stride) was lower
(i.e., more stable) when using the XO [0.34 (0.04)] than
not using it [0.74 (0.21)], although there was no substantial
difference in phase-dependent LDS values (λpLDS ; Figure 5).
When using the XO, toe off occurred relatively later in the
gait cycle (Figure 2), suggesting an increase in dual stance
time. As such, a longer time may be required for the central
nervous system to make postural adjustments for initiating a
shift from double to single stance [61], perhaps to increase
stability [62].
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FIGURE 5. Means of the ensemble of logarithms of phase-dependent divergence curves
using pelvis IMU data (Top), and rates of divergence (Bottom). Note that XO Pelvis IMU
indicates that divergence curves were obtained using XO pelvis IMU data in the XO
condition, and that shaded regions indicate ±2 standard errors.

In the aforementioned lower-limb exoskeleton studies,
which included less than 1-3 days/sessions of practice
(≤30 min practice in each), users adapted progressively to
activate their muscles in more burst-like manner and at lower
or similar levels compared to the baseline. These adaptations
suggest some type of predictive representation when using
an ankle (or hip) exoskeleton. Though a relatively longer
practice period was given here (3-5 sessions), practice may
still have not been sufficient in terms of duration and/or
effectiveness for operating such a complex and high-powered
exoskeleton. That a sufficient mental model was not formed
with the XO supports the argument by Kao et al. [53], that it
takes longer to adapt to walking with a robotic exoskeleton
having greater mechanical strength. Indeed, the XO proto-
type here provided large assistive torques over multiple body
joints.

C. DIFFICULTY CONTROLLING A WB-PEXO?
Another source of the observed increase in lower-limbmuscle
activity may be related to the ‘‘transparency’’ of the proto-
type XO – or the capability of having no undesirable forces
during human-robot interactions. The prototype XO could
have caused high user-exoskeleton interaction forces/torques
during the level walking trials we examined. This early

XOprototype was rather heavy (110 kg), so it can be expected
that any error or delay in estimating the accelerations of
XO segments during movements would have caused unde-
sirable inertial forces to be transmitted to the user. If so,
the user likely needed to increase muscle activity to carry out
intended/planned movements. We did not use force/pressure
sensors between the user and theWB-PEXO to assess human-
machine interaction forces directly. However, the normalized
cross-correlation (NCC) of nEMG profiles between the XO
and baseline conditions showed a moderate to high similar-
ity on both the ipsilateral and contralateral sides (Table 1),
depending on the specific muscle groups.

The NCC analyses further indicated that there were gen-
erally phase lags in nEMG profiles when using the XO
(−0.8 – −12.6% of gait cycle), except for the ipsilateral
vastus lateralis (0% of gait cycle) and tibialis anterior (5.8%
of gait cycle). Thus, using the prototype XO seemed to affect
not just lower limb EMG amplitudes, but also recruitment
patterns and timing across the gait cycle. These changes may
be caused by insufficient transparency of the prototype XO,
and suggests that enhancing synchronicity between the XO
and the user may need to be examined in future, specifically
to ensure sufficient and continuous input of human intention
to the XO controller. Further, the high-level controller of the
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prototype XO may need additional optimization, for estimat-
ing the user’s state and intention (i.e., deciding when and how
to deliver mechanical power).

It should be noted that earlier work has shown that main-
taining balance when using a WB-PEXO can be demand-
ing without an active control of balance [27], [30]. The
XO prototype examined here did not have such a control
layer at the time of testing. Thus, the observed increases in
lower-limb muscle activation may be secondary to increased
efforts required to maintain balance.

D. LIMITATIONS
Several limitations were inherent to this exploratory study.
First, no data were collected during practice sessions, and
we thus lack information on how fast or effectively the users
learned/adapted to walking with the prototype XO. In the sec-
ond phase of our work, not reported here, we collected data
over multiple training sessions to characterize the learning
process involved when using a WB-PEXO. Second, all par-
ticipants were males and rather homogeneous in physique,
though females were not excluded from the study. Future
work should examine a broader population with different
sex, age, and physical characteristics. Third, examining cor-
relations between human and XO joint torques would help
understand similarities in the timing and magnitude of these
kinetic aspects, and help identify the relative contributions of
the XO vs. human in level walking (and other tasks). Third,
human-exoskeleton interaction forces were not measured.
Given that the participants here had rather homogeneous
anthropometry, monitoring such interaction forces could help
to better assess individual differences in XO learning pro-
cesses. Finally, other tasks should be considered. Learn-
ing how the XO benefits in situations involving high loads
(for which the XO is primarily designed), will help determine
effective use-cases and promote industrial adoption.

VI. CONCLUSION AND FUTURE WORK
We reported here results from human-in-the-loop testing of
a state-of-the-art, occupational WB-PEXO prototype in the
early stages of development, in the context of level walking.
The prototype can enable the user to handle large loads with-
out matching physical efforts. Recently, it was demonstrated
that users can carry a 50 kg payload with the XO proto-
type, while feeling that they are handling a 6 kg load [63].
AlthoughWB-PEXOuse can substantially augment the phys-
ical strength of a user, our results suggest that the current
early prototype device may need to be further optimized so
that it does not present a challenge to the user during basic,
functional activities requiring no (or minimal) external load
handling. Specifically, users adopted strategies during level
walking that involved thigh motions to regulate gait, though
these strategies varied between users. Observed increases in
muscle activity levels, along with changes in muscle activa-
tion patterns during the gait cycle, suggest that users may
have not developed a sufficient mental model of walking with
the WB-PEXO.

Completing the current independent, human-in-the-loop
testing allowed for several generalizable insights into occu-
pational WB-PEXO development. First, there likely is a
tradeoff between the strength capacity and nimbleness of
a user with the current generation of WB-PEXOs. Such a
tradeoff may be reasonable and practical, though, depending
on use cases. A better understanding of this tradeoff needs to
be developed with respect to task characteristics (e.g., load
handling frequency, walking distance, a range of activities
involved), however, to enable optimal tuning of a WB-PEXO
for a specific application or optimal task selection for a given
WB-PEXO. Second, there is a need to enhance our under-
standing of the learning processes that occur withWB-PEXO
use. Controlling a whole-body system can affect the user at
various levels, from perceptions to actions. The extent of such
effects will depend on WB-PEXO human interface designs
(e.g., force-sensing between a WB-PEXO and its user), con-
trollers (e.g., understanding user intention, intuitiveness in
control), and overall human-robot interaction experiences.
An improved understanding of the learning processes with
WB-PEXO use will enable developing effective training pro-
cesses and programs for a given WB-PEXO. Third, there is a
need for reliable and effectivemethods to communicate inten-
tions between aWB-PEXO and its user. Ideally, aWB-PEXO
should detect, decode, and infer a user’s intentions to provide
an effective level of augmentation. To effectively develop a
mental model for WB-PEXO use, a user also needs to be able
to understand the ‘‘intentions’’ of the WB-PEXO through,
for example, consistent and expected behaviors of the
WB-PEXO and status/state information on user interfaces.
Similarly, efforts are needed to increase the transparency of
a WB-PEXO, to remove or minimize undesired forces dur-
ing human-robot interactions. Lastly, we believe that early,
third-party, human-in-the-loop testing and information shar-
ing should be encouraged to facilitate the development of
an effective, occupational WB-PEXO, and to help industries
and regulatory bodies prepare for forthcoming generations of
WB-PEXO use.
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