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ABSTRACT
The objective of this study was to evaluate three passive upper-extremity exoskeletons relative
to a control condition. Twelve subjects performed an hour-long, simulated occupational task in
a laboratory setting. Independent measures of exoskeleton, exertion height (overhead, head
height), time, and their interactions were assessed. Dependent measures included changes in tis-
sue oxygenation (DTSI) in the anterior deltoid and middle trapezius, peak resultant lumbar spine
loading, and subjective discomfort in various body regions. A statistically significant reduction in
DTSI between exoskeleton and control was only observed in one instance. Additionally, neither
increases in spinal loading nor increases in subjective discomfort ratings were observed for any
of the exoskeletons. Ultimately, the exoskeletons offered little to no physiological benefit for the
conditions tested. However, the experimental task was not highly fatiguing to the subjects,
denoted by low DTSI values across conditions. Results may vary for tasks requiring constant arm
elevation or higher force demands.

Practitioner summary
This study quantified the benefits of upper-extremity exoskeletons using NIRS, complementary
to prior studies using EMG. The exoskeletons offered little to no physiological benefit for the
conditions tested. However, the experimental task was not highly fatiguing, and results may
vary for an experimental task with greater demand on the shoulders.

Abbreviations: WMSD: work-related musculoskeletal disorder; EMG: electromyography; NIRS:
near-infrared spectroscopy; NIR: near-infrared; Hb: haemoglobin; Mb: myoglobin; TSI: tissue sat-
uration index; ATT: adipose tissue thickness

ARTICLE HISTORY
Received 19 April 2021
Accepted 28 July 2021

KEYWORDS
Tissue saturation index;
exosuit; NIRS; wearable

1. Introduction

Work-related musculoskeletal disorders (WMSDs) rep-
resent a major problem in modern occupational envi-
ronments, in which 53.4% of cases involve the back or
shoulders (U.S. Bureau of Labor Statistics 2018). In
response to these prevalent WMSDs, industrial exo-
skeletons have been introduced into occupational
environments in private industry. ASTM International
defines the term exoskeleton as a “wearable device
that augments, enables, or assists, and/or enhances
physical activity, through mechanical interaction with
the body” (ASTM 2020). This rather broad definition
includes both “active” exoskeletons that are powered
by actuators such as electric motors or hydraulics and

“passive” exoskeletons that counterbalance human
movement with springs or other materials capable of
storing energy (Howard et al. 2020). Different types of
exoskeletons also exist depending on which body
region the device is designed to assist. Upper-extrem-
ity exoskeletons, for example, have been designed to
combat shoulder-related WMSDs. These exoskeletons
assist individuals working in jobs that require arm ele-
vation, such as supporting the weight of the arms or a
tool during overhead work.

Yin et al., 2020; Bock et al. 2021). However, there
are some limitations of this type of approach that are
worth noting. First, studies relying on EMG to detect
differences in muscle activity with and without an exo-
skeleton relied on the assumption that reduced
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muscle activation yields decreases in muscle fatigue
and ultimately, a reduction in injury risk. Though this
is a valid assumption, using the time-domain EMG sig-
nal to measure muscle activation represents a proxy
(rather than direct) measure for muscle fatigue. While
spectral EMG variables including the mean frequency
and median frequency can be used to assess muscle
fatigue, especially for isometric muscle contractions
(Phinyomark et al. 2012; Scano et al. 2020), few of the
aforementioned exoskeleton studies actually per-
formed this type of analysis. Additionally, while the
concept of using mean or median frequency shifts to
quantify muscle fatigue has been considered the “gold
standard” in the literature for decades, no published
standards exist regarding the amount of median fre-
quency shift that actually defines fatigue (Szucs,
Navalgund, and Borstad 2009), and the sensitivity of
this method has previously been questioned relative
to the shoulder muscles during simulated occupa-
tional work (Ferguson et al. 2013). Regarding biomech-
anical modelling approaches, most existing shoulder
models rely on an optimization-based inverse dynam-
ics approach when estimating shoulder loading.
However, this type of modelling approach often
ignores antagonist muscle co-contraction and may
subsequently underestimate actual tissue loads (Xu,
Lin, and McGorry 2017).

Thus, while evidence provided from prior exoskel-
eton studies using biomechanical methods provide
some useful data, further study of the effects of
upper-extremity exoskeletons on shoulder muscle
fatigue using an alternate method is also warranted.
Instead of using EMG to measure the effects of upper-
extremity exoskeletons in the shoulders, physiological
measures related to oxidative metabolism could pro-
vide a more appropriate picture of the potential of
industrial exoskeletons to reduce occupational injury.
A multitude of studies have explored the metabolic
effects of both low back and upper-extremity exoskel-
etons, and a recent systematic review reports that the
majority of these studies recorded significant reduc-
tions in the mean values of metabolic or cardiorespira-
tory parameters considered (Del Ferraro et al. 2020).
However, these studies measured global changes
rather than localised metabolic changes occurring in
the individual muscles of target body areas. Localised
muscle fatigue is an important factor to consider, as
there is evidence that localised muscle fatigue may
cause increased muscle coactivity, altered joint kine-
matics, and reduced tissue tolerance (Psek and
Cafarelli 1993; Potvin and O’Brien 1998; Boushel et al.

2001; Marras et al. 2006), thereby increasing musculo-
skeletal injury risk.

Fortunately, advances in non-invasive and portable
Near-Infrared Spectroscopy (NIRS) technology stream-
lines the understanding of localised muscle fatigue
and offers the ability to understand how upper-
extremity exoskeletons change the capacity of the
shoulder muscles to do work and the subsequent like-
lihood of muscle fatigue or injury. NIRS technology
involves measuring the absorbance of light at two or
more wavelengths in the near-infrared (NIR) range
(650–1000 nm) in a region of interest between a light
source and detector(s) (Jones et al. 2016). As the
absorbance of haemoglobin (Hb) and myoglobin (Mb)
in the blood depends on whether they are in the oxy-
genated or deoxygenated state (Jones et al. 2016;
Barstow 2019), relative oxy-/deoxy- HbþMb concen-
trations can be estimated using the modified Beer-
Lambert law (Ferrari and Quaresima 2012; Scholkmann
et al. 2014). NIRS has previously been shown to be a
sensitive tool to detect changes in shoulder muscle
fatigue for simulated occupational work (Ferguson et
al. 2013). It has also been applied to evaluate a
“muscle suit” low-back exoskeleton previously
(Muramatsu and Kobayashi 2014), though to the
authors’ knowledge, no study to date has utilised NIRS
to measure muscle fatigue when evaluating upper-
extremity exoskeletons.

Additional barriers exist before industrial exoskele-
tons are at advanced enough level of readiness for
most workplaces (Howard et al. 2020). For example,
prior studies have tested exoskeletal devices on only a
small number of (mostly male) subjects, have tested
the devices over short time durations, and have failed
to fully assess the trade-offs associated with the use of
the devices (particularly biomechanical and physio-
logical changes in non-target body areas). Relative to
the last point (trade-offs), the scientific literature rela-
tive to the effects of upper-extremity exoskeletons
also remains contradictory. For example, Theurel et al.
(2018) noted that upper-extremity exoskeletons may
increase antagonist muscle activity, postural strains,
and cardiovascular demand. Similarly, Weston et al.
(2018) noted an increase in compressive spinal loads
of up to 56.8% with the use of an exoskeletal vest and
tool support arm, suggesting that the upper-extremity
exoskeleton tested may reduce shoulder injury risk at
the cost of an increased risk for a low back injury. In
contrast, the same exoskeletal vest was tested by Kim,
Nussbaum, Mokhlespour Esfahani, Alemi, Jia, and
Rashedi (2018), who noted reductions in spinal loading
of up to 30% when at higher vertical exertion heights
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and a smaller moment arm from the spine. This dis-
crepancy points towards the fact that the context with
which an upper-extremity exoskeleton is used (and
tested) can drastically influence the results.

The present study hopes to address some of these
stated limitations. When designing the study, special
considerations were made regarding (1) the measure-
ment of muscle fatigue using NIRS rather than EMG,
(2) the duration of time for which the exoskeletons
are tested, and (3) the measurement of not only the
potential physiological benefits of upper-extremity
exoskeletons but also potential side effects (changes
to spinal loading or user-rated discomfort). The pri-
mary objective of this laboratory study was to under-
stand the impact of three commercially available
upper-extremity exoskeletons on tissue oxygenation in
two shoulder muscles (the anterior deltoid and middle
trapezius) during simulated overhead work tasks per-
formed over a one-hour duration. A secondary object-
ive of this study was to document potential trade-offs,
including changes to spinal loading and subjective dis-
comfort ratings.

2. Methods

2.1. Approach

This laboratory study compared three upper-extremity
exoskeletons (Ekso Bionics Ekso Vest, Levitate
AIRFRAME, suitX ShoulderX) against a no exoskeleton
condition (control) to understand the impact of upper-
extremity exoskeletons on tissue oxygen saturation in

the shoulder muscles (right and left middle trapezius
and anterior deltoid), peak resultant lumbar spinal
loading, and subjective discomfort in various body
regions during a simulated occupational task per-
formed at two heights (head height and overhead).

2.2. Subjects

Six male subjects (age 21.2 ± 2.9 (SD) years, mass
79.8 ± 10.1 kg, and height 179.5 ± 4.2 cm) and six
female subjects (age 22.5 ± 3.3 years, mass
57.6 ± 6.8 kg, and height 165.5 ± 7.1 cm) were recruited
from the local university population. This sample size
was determined a priori via a power analysis and was
deemed appropriate to detect a small (10%) effect
size at a power level of 0.90. As pilot data were not
available, this power analysis relied on data collected
from Yang et al. (2007), who used NIRS to assess
changes to the tissue saturation index (TSI) and subse-
quent muscle fatigue from repetitive lifting exertions.
Change in TSI also represents the primary outcome of
interest herein (see below), so it is expected that use
of data from this former study provided an adequate
comparison point, even though NIRS data was col-
lected on low back muscles in the former study and
collected on shoulder muscles in this study. None of
the subjects recruited for this study reported any low
back or shoulder pain within the past 3 years.
Additionally, none of the subjects had any prior
experience in manual materials handling or using an
occupational exoskeleton. Subjects gave informed

Figure 1. Exoskeleton conditions tested including (A) the control condition (no exoskeleton), (B) the Ekso Vest, (C) the AIRFRAME,
and (D) the ShoulderX. All exoskeletons tested were designed to support the upper extremities during occupational work and are
commercially available.
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consent per the study protocol, which was approved
by the University’s Institutional Review Board.

2.3. Experimental design

2.3.1. Independent variables
A balanced 4� 2 design was implemented in this
study, representing eight total combinations of four
exoskeleton conditions (control, EksoVest, AIRFRAME,
ShoulderX, as shown in Figure 1) and two exertion
heights (head height and overhead). Each exoskeleton
condition was collected for subjects in different ses-
sions, one per week for four weeks. The first session
was always the control condition, and the order of the
remaining exoskeleton sessions was counterbalanced
across subjects. Each individual session consisted of
the two 1-h exertion height conditions with a 1-h
break between these conditions for recovery. The
order of the exertion height conditions was rando-
mised. The effect of time (0–15min, 15–30min,
30–45min, 45–60min) within each experimental con-
dition was also evaluated for physiological and bio-
mechanical measures described herein.

2.3.2. Dependent variables
Dependent measures consisted of: (1) changes in the
tissue saturation index (TSI) in the aforementioned
shoulder muscles at various time points throughout
the hour-long condition, (2) the peak resultant load
on the lumbar spine at various time points throughout
the hour-long condition, and (3) subjective discomfort
in multiple body regions after each experimen-
tal condition.

NIRS was used to monitor mean changes in the TSI
(DTSI) in the right and left anterior deltoid and middle
trapezius muscles across two-minute windows spaced
five minutes apart throughout each one-hour condi-
tion. TSI is defined as the ratio of oxygenated haemo-
globin (and myoglobin) to total haemoglobin (and
myoglobin) under the optode surface (Ferrari,
Muthalib, and Quaresima 2011).

Peak resultant lumbar spinal loads were quantified
using an EMG-assisted spine model for one-minute
windows spaced five minutes apart throughout each
condition. The biomechanical model estimates spinal
loads extending from T12/L1 to L5/S1 and has been
described extensively in the literature (Hwang, Knapik,
Dufour, Aurand, et al. 2016; Hwang, Knapik, Dufour,
Aurand, Best, et al. 2016).

Generalised subjective discomfort was quantified
via a questionnaire administered at the end of each
condition. Subjects were asked to rate their level of

discomfort (either musculoskeletal discomfort or dis-
comfort from contact with exoskeleton parts, etc.) on
a numerical scale ranging from 0 to 10, wherein 0 cor-
responded to no discomfort at all, 0.5–2 corresponded
to light discomfort, 3–5 corresponded to moderate
discomfort, and 6–10 corresponded to high discom-
fort. Subjects rated their discomfort for the right and
left shoulders, chest, upper back, upper arms, fore-
arms, wrists and hands, hips, thighs, knees, lower legs,
and ankles and feet. Discomfort ratings were also
assessed for the abdomen and lower back.

2.3.3. Experimental task
The experimental task for this study involved repeti-
tively exerting 10 lbs. of vertical force against a hand
transducer (a type of load cell) and sustaining that
force for two seconds. Subjects repeated this task at a
frequency of 6 exertions per minute for 1 h. Subjects
were instructed to stand directly behind the hand
transducer and use both hands. Thus, the task was
assumed to be symmetric in the sagittal plane and
place equal demand on the left and right sides of the
body. Subjects were free to perform the experimental
task at a self-selected distance from the hand trans-
ducer based on what felt most comfortable. Audible
tones signalled to the subject when to begin each
repetition, when their vertical force reached to 10 lbs.,
when they had successfully sustained the force for 2 s,
and if/when the subject had failed to sustain the force
for the required duration of time. If subjects failed the
task within the first second of sustaining the force (i.e.
dropped below the necessary sustained force level),
they were instructed to try again. If subjects failed the
task after sustaining the force for longer than one
second, investigators made note of this, and subjects
rested until the next repetition. Subjects were not
explicitly instructed on what to do with their arms
between exertions (i.e. hold the arms in constant ele-
vation vs. elevate and lower the arms for each exer-
tion), though all subjects chose the latter strategy,
especially as time progressed.

2.4. Apparatus and instrumentation

The three exoskeletons tested included the Ekso Vest
(Ekso Bionics, Richmond, CA, USA), AIRFRAME (Levitate
Industries Inc., San Diego, CA, USA), and ShoulderX
(suitX, US Bionics, Inc., Emeryville, CA, USA). These
three exoskeletons are commercially available and
(from personal observation) appear to be the most
widely used in the United States in private industry at
this time. The level of support by the exoskeletons
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was held constant across subjects and sessions and
corresponded to “medium” levels of support in all
three devices. The hand transducer was mounted to a
custom T-slotted aluminium frame (80/20 Inc.,
Columbia City, IN, USA). The tool that was used to
exert the force was light weight (approximately 1 kg),
pestle-shaped, and fabricated in the laboratory.

A wireless continuous dual-wave near-infrared spec-
trophotometer (PortaLite, Artinis Medical Systems,
Arnhem, The Netherlands) was used to quantify TSI in
aforementioned shoulder muscles. Each optode emits
wavelengths of 748 and 840 nm from diodes spaced
30, 35, and 40mm from a single photodiode receiver.
This configuration allows TSI to be calculated using a
spatially-resolved approach (Suzuki et al. 1999; Ferrari,
Muthalib, and Quaresima 2011). A differential path-
length factor of 4.0 was incorporated to correct for
scattering of light in the tissue, and NIRS measure-
ments were acquired at a frequency of 10Hz.

Electromyographic activity was collected using a
wireless TrignoTM system (Delsys, Natick, MA, USA) and
bipolar surface electrodes placed bilaterally onto the
lumbar erector spinae, internal oblique, latissimus
dorsi, external oblique, and rectus abdominis. EMG
data were sampled at 1925.93Hz (standard for the
Trigno system), and signals were notch filtered at
60Hz and its aliases, bandpass filtered between 30
and 450Hz, rectified and smoothed, and low-pass fil-
tered using a second-order Butterworth filter with a
cut-off frequency of 1.59 Hz, consistent with standards
for reporting EMG data (Merletti 1999). Kinematic data
were collected via a 42-camera optical motion capture
system (Optitrack Prime 41, NaturalPoint, Corvallis, OR,
USA) with a 120Hz sampling rate and were low-pass
filtered using a fourth-order Butterworth filter with a
cut-off frequency of 10Hz. Finally, kinetic data were
captured at a 1000Hz sampling rate from both the
six-axis load cell at the subjects’ feet (6090-15, Bertec,
Worthington, OH, USA) and the custom-built six-axis
hand transducer (HT0825, Bertec, Worthington, OH,
USA) mounted to the aluminium frame. Signals were
gathered with customised laboratory software and
synchronised via a data acquisition board (USB-6225,
National Instruments, Austin, TX, USA).

2.5. Procedure

During the first session, subjects provided informed
consent. Anthropometric measures were collected,
including stature, weight, waist circumference, and the
breadth and width of the torso at the level of the ster-
num and umbilicus. Subjects then stood on the load

cell in order to record appropriate exertion heights
(head height and overhead) for the subject. These
heights were recorded and used during all other
experimental sessions. Head height corresponded to
approximately 90 degrees of shoulder flexion and was
close to eye level. The overhead exertion height corre-
sponded to approximately 110 degrees of shoulder
flexion. During the first (control) session, the experi-
mental task was also described to the subjects at this
time (see section 2.3.3), and the subjects were pro-
vided with 10–15min to familiarise themselves with
the task. Alternatively, if an exoskeleton was to be
used in the session, the subject next donned the exo-
skeleton, and it was fit to the subject according to
manufacturer recommendations. Subjects were
allowed 15–20min to get comfortable with the exo-
skeleton and practice the experimental task while
wearing it before doffing the device to prepare the
subject with the necessary sensors for the
data collection.

Subjects were prepared with surface electrodes on
the aforementioned 10 torso muscles in accordance
with standard placement guidelines (Mirka and Marras
1993) and 41 reflective motion capture markers placed
in accordance with a custom full-body marker set pre-
scribed by OptiTrack’s motion capture software.
Finally, NIRS optodes were placed into secure holders
and secured to the skin on top of the muscle bellies
of each subject’s right and left trapezius and anterior
deltoid muscles using double-sided adhesive tape. For
the trapezius, optodes were placed halfway along the
line extending between the vertebra prominens and
the acromion process of the scapula. For the anterior
deltoid, a point two thirds the distance between the
clavicular notch and acromion process was first
located, and optodes were placed one third the dis-
tance between this point and the olecranon process
of the ulna. After sensor placement was complete, the
biomechanical model was calibrated using data
derived from a series of dynamic concentric and
eccentric lumbar motions while holding a 9.07 kg
medicine ball. This calibration technique has been
described previously (Dufour, Marras, and
Knapik 2013).

After model calibration, subjects once again
donned the exoskeleton device if applicable, and the
first experimental condition was subsequently col-
lected. At the start of the experimental condition, sub-
jects were instructed to stand for one minute in a
relaxed upright position with their arms relaxed by
their sides, during which time baseline tissue satur-
ation data was collected for each of the four shoulder
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muscles. Then, subjects began the experimental task.
At the end of the hour, subjects doffed the exoskel-
eton (if applicable) and were given an hour of rest,
during which time they were first asked to complete
the discomfort questionnaire and then permitted to
sit and relax. After the break, the same process as
described above was conducted for the second exer-
tion height. Subjects filled out another discomfort sur-
vey before leaving for the day.

2.6. Analysis

TSI data were collected continuously from one minute
prior to the experimental task through the end of the
experimental task. The mean of the TSI signal was first
calculated across the minute of data prior to the
experimental task and utilised as baseline data, from
which DTSI could eventually be calculated. Two-
minute windows of TSI data spaced 5-min apart
throughout the hour (t¼ 2–4, 7–9, … , 57–59min)
were then extracted for each of the four muscles. The
twelve local minima in the TSI signal across each two-
minute window (resulting from repetitions of the
experimental task during that time) were extracted
using a custom script written in MATLAB (The
MathWorks, Natick, MA, USA). The mean of these local
minima was calculated, and DTSI was calculated by
subtracting the baseline TSI value from this mean. In
order to assess the effect of time, DTSI values for each
muscle were also grouped based on the fifteen-
minute chunk of time from which the data
were collected.

Lumbar spinal loads were derived via simulations in
a multibody dynamics solver, Adams (MSC Software,
Santa Ana, CA, USA) by combining dynamic inputs of
lumbar muscle EMG-activations, full-body kinematics,
and kinetics into the aforementioned EMG-driven

lumbar spine model. As was the case for the NIRS
data, spinal loads were assessed at 5-min time inter-
vals throughout each hour-long experimental condi-
tion. However, because infrared light from the optical
motion capture system interfered with the infrared
light required to collect the NIRS data, spinal loads
were assessed at different time points than the NIRS
data (t¼ 0, 5, 10, … , 55, 59min). The peak resultant
spinal load across all lumbar levels extending from
T12/L1 to L5/S1 was calculated for each time point,
though only the lumbar level with the highest magni-
tude of loading was used in the statistical analysis. As
was done with the NIRS data, peak spinal loads for
the rest of the time points were also stratified based
on fifteen-minutes chunks of time, though peak spinal
loads recorded for the first minute of the task
(t¼ 0min) were ultimately discarded because subjects
were noted to need the first few minutes of each
hour to (re)acclimate to the task.

Statistical analyses were performed using JMP 14.0
Pro software (SAS Institute Inc., Cary, NC, USA), and
statistical significance was interpreted relative to a sig-
nificance level a¼ 0.05. The effects of the independent
variables and their interactions on the physiological
(DTSI) and biomechanical (resultant spinal loading)
measures were assessed using a generalised linear
mixed model. In each model, exoskeleton, exertion
height, time, and their two-way interactions were
introduced as fixed effects, while subject and interac-
tions involving subject were introduced as random
effects. Higher order (three-, four-way) interaction
effects were included in the model’s residual/error
term. For instances in which a significant p value was
observed in a fixed effect test, effect details were
assessed using either a least squares means differen-
ces Student’s t test or a least squares means Tukey
HSD test where appropriate. Regarding the subjective
discomfort data, descriptive statistics were used to
ascertain the body regions resulting in the highest lev-
els of discomfort and whether any differences in the
ratings existed between the right and left sides of the
body. Due to the ordinal nature of the subjective dis-
comfort data, the effects of the exoskeleton condition
were assessed using a Kruskal-Wallis non-parametric
test and a nonparametric post-hoc test (Wilcoxon’s
multiple comparisons test).

3. Results

Statistically significant main and interaction effects are
shown in Table 1. Regarding the physiological and
biomechanical variables, main effects of exoskeleton

Table 1. Statistically significant main and interaction effects
for each of the dependent variables.

Variable
Exoskeleton

(E)
Height
(H)

Time
(T) E�H E�T H�T

DTSI
L. Trapezius * *** ***

R. Trapezius ***

L. Ant. Deltoid * ***

R. Ant. Deltoid *** **

Spinal Loading
L4/L5 Resultant * ** ***

Discomfort
Shoulder ** — — — — —
Upper Arm * — — — — —
Wrist/Hand * — — — — —
Low Back — — — — —
�Denotes a statistically significant result p< 0.05, �� denotes p< 0.01,
and ��� denotes p< 0.001. Note that only the effect of exoskeleton was
tested for dependent measures assessed via questionnaire.
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or exertion height were rare, but an exoskeleton �
height interaction effect was observed in all instances.
However, exoskeleton � time and height � time inter-
action effects were never significant.

3.1. Physiological data (DTSI)

There were no instances in which a significant main
effect of exoskeleton was noted for DTSI, and exertion
height was only noted to influence DTSI in the left tra-
pezius (p¼ 0.012). However, a statistically significant
exoskeleton � exertion height interaction effect was
noted in all four of the shoulder muscles (left trapez-
ius p< 0.001, right trapezius p< 0.001, left anterior
deltoid p< 0.001, right anterior deltoid p¼ 0.004). As
shown in Figure 2, a significant increase in the magni-
tude of DTSI between head height and overhead exer-
tion heights was noted for the AIRFRAME in both the
left and right trapezius muscles. In the right trapezius,
DTSI for the ShoulderX at the overhead exertion also
differed significantly from all other groups except the
Esko Vest at head height; this was also the only com-
bination of exoskeleton/height conditions that saw an
increase in TSI from baseline rather than a decrease. In

the left anterior deltoid, the only statistically signifi-
cant difference among groups was between exertion
heights for the ShoulderX, wherein the magnitude of
DTSI was greater in the head height condition than
overhead. Likewise, in the right anterior deltoid, the
only statistically significant difference among groups
was between the control and ShoulderX exoskeleton
conditions at the overhead exertion height, wherein
the magnitude of DTSI was greater in the con-
trol condition.

As shown in Table 2, time was also noted to affect
DTSI in all muscles except the right trapezius. Post-hoc
results generally suggested that DTSI was greatest in
magnitude during the first fifteen minutes of the exer-
tion and decreased in magnitude throughout the
hour-long task.

3.2. Biomechanical data (resultant spinal load)

The biomechanical model predicted peak resultant spi-
nal loading values (a combination of compression and
shear loading) to occur at the L4/L5 vertebral level. In
terms of main effects, the control condition was noted
to have significantly higher resultant spinal loads than

Figure 2. DTSI in the (A) left trapezius, (B) right trapezius, (C) left anterior deltoid, and (D) right anterior deltoid muscles stratified
by exoskeleton condition and exertion height. Error bars denote standard deviation. �Denotes a statistically significant difference
between groups at a significance level of 0.05.
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the ShoulderX exoskeleton condition, while the Ekso
Vest and AIRFRAME did not differ significantly from
either the control condition or the ShoulderX
(p¼ 0.028). However, a significant exoskeleton � exer-
tion height interaction effect (p< 0.001) suggested that
this result only held true for the exertions performed at
head height, not overhead (Figure 3). A statistically sig-
nificant main effect of exertion height was also noted,
for which resultant spinal loads were significantly higher
at head height than overhead across all four exoskel-
eton conditions (p¼ 0.006). Time did not affect spinal
loading (p¼ 0.101), nor did time interact with either the
exoskeleton or height variables.

3.3. Subjective discomfort

Discomfort ratings were similar between the right and
left sides of the body, so only values for the right side
of the body will be discussed herein. The experimental
task led to light discomfort in most body regions
across all the exoskeleton and exertion height condi-
tions. The body regions that were consistently rated
to have the highest discomfort scores were the
shoulders (mean rating of 2.3 across all exoskeleton
and height conditions), upper arms (mean rating 1.7),

the hands and wrists (mean rating 1.4), and the lower
back (mean rating 1.9) (Figure 4). In these four body
regions, discomfort ratings were noted to differ signifi-
cantly according to the exoskeleton condition in the
shoulders (p¼ 0.002), upper arms (p¼ 0.028), and
hands and wrists (p¼ 0.049), but not the lower back
(p¼ 0.352). In the shoulder, discomfort was signifi-
cantly higher for the ShoulderX than the Ekvo Vest
(p< 0.001) and AIRFRAME (p¼ 0.002), though the con-
trol condition did not vary significantly from any of
the exoskeletons tested. The same effect was observed
for the upper arms (ShoulderX> Ekso Vest, p¼ 0.012
and ShoulderX>AIRFRAME, p¼ 0.025), though dis-
comfort was also noted to be reduced for the Ekso
Vest relative to the control condition (p¼ 0.047). In
the hands/wrists, discomfort was higher for the control
condition than all three of the exoskeletons (com-
pared to Ekso Vest, p¼ 0.015; compared to AIRFRAME,
p¼ 0.041; compared to ShoulderX, p¼ 0.048).

4. Discussion

This laboratory study leveraged continuous-wave NIRS
and an advanced biomechanical model to assess

Table 2. Mean (SD) DTSI in each of the four should muscles evaluated with respect to time (0–15min,
15–30min, 30–45min, and 45–60min).

Time (min)

p Value 0–15 15–30 30–45 45–50

Left Trapezius <0.001 �5.1 (5.4) a �4.3 (5.4) b �4.1 (5.8) b �3.7 (5.7) b

Right Trapezius 0.261 �2.7 (4.8) �2.6 (5.2) �2.1 (4.9) �1.9 (4.9)
Left Anterior Deltoid 0.023 �7.3 (6.1) a �6.8 (5.6) a, b �6.5 (6.3) a, b �5.4 (6.2) b

Right Anterior Deltoid <0.001 �6.1 (4.4) a �4.8 (4.2) b �4.2 (4.1) b �4.1 (4.3) b

Superscript letters across each row represent post-hoc results (where performed), wherein columns that do not a share com-
mon letter differ significantly from one another.

Figure 3. Peak L4/L5 Resultant Spinal Loads stratified by exo-
skeleton condition and exertion height. Error bars denote
standard deviation. �Denotes a statistically significant differ-
ence between exoskeleton conditions at a significance level
of 0.05.

Figure 4. Mean subjective discomfort rating in the most
affected body regions after performing the 1-hour experimen-
tal task (across both exertion heights). Error bars denote
standard deviation. �Denotes a statistically significant differ-
ence between exoskeleton conditions at a significance level of
0.05, as noted by a pairwise Wilcoxon’s multiple compari-
sons test.
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physiological and biomechanical variables for three
upper-extremity exoskeletons compared to a control
condition. While physiological (NIRS) data assessed the
potential benefits of these exoskeletons relative to the
control condition, the biomechanical and subjective
discomfort data measured potential trade-offs associ-
ated their use, especially in non-target body regions.
DTSI values trended closer to zero across the four
muscles tested with the use of the exoskeletons com-
pared to the control condition, but differences
between the exoskeleton and control conditions were
not statistically significant, except for one instance
(ShoulderX relative to control at the overhead height).
In terms of the potential trade-offs, none of the three
exoskeletons led to increased loading on the lumbar
spine, and one exoskeleton (the ShoulderX) even led
to a statistically significant reduction in resultant spinal
loading relative to control at head height. No signifi-
cant differences in subjective discomfort results were
observed for any of the exoskeletons relative to the
control condition.

Upper-extremity exoskeletons are designed to assist
individuals working in postures that require shoulder
elevation, such as supporting the weight of the arms
or tool during drilling, countersinking, bucking, and
riveting. To date, a multitude of studies have noted
positive biomechanical and physiological results for
this class of exoskeleton. These results include reduc-
tions in muscle activity during static and dynamic
movements (Rashedi et al. 2014, Kim, Nussbaum,
Mokhlespour Esfahani, Alemi, Alabdulkarim, and
Rashedi 2018; Theurel et al. 2018; Alabdulkarim and
Nussbaum 2019; Gillette and Stephenson 2019;
Schmalz et al. 2019; Grazi et al. 2020; Iranzo et al.
2020; Yin et al. 2020), decreases in the sum of joint
torque in the upper arm (Sylla et al. 2014), decreases
in the effective load on the shoulder joint (Naito et al.
2007), and decreases in heart rate (Schmalz et al.
2019; Grazi et al. 2020). That being said, physiological
measures related to oxygen utilisation in the sur-
rounding musculature can provide a complementary
picture of how upper-extremity exoskeletons alter the
capacity for muscles to do work and the subsequent
likelihood of muscle fatigue. To the authors’ know-
ledge, this study represents the first attempt to evalu-
ate upper-extremity exoskeleton effectiveness using
NIRS on individual shoulder muscles.

In a former study with a similar experimental task,
the tissue oxygenation/saturation index measure was
shown to be less sensitive than directly assessing
changes to oxygenated haemoglobin (Ferguson et al.
2013). However, DTSI was chosen for this study given

the multi-day experimental protocol because this
measure accounts for the influence of the superficial
tissue layer, and its values can be compared directly
across subjects (Jones et al. 2016). If effective, the exo-
skeleton conditions should have yielded DTSI values
closer to zero (i.e. baseline) than the control condi-
tions. This is because larger decreases in DTSI suggest
that more oxygen is being used up by the mitochon-
dria in the muscles during each contraction. Our
results showed that DTSI values were closer to zero
across the four muscles tested with the use of the
exoskeletons, as indicated by 15–134% reductions in
DTSI in the right and left trapezius muscles and
36–56% reductions in DTSI in the right and left anter-
ior deltoid muscles for the exoskeleton conditions rela-
tive to the control condition across both exertion
heights. However, the only statistically significant
changes for any of the exoskeleton conditions relative
to the control condition were in the right trapezius
and right anterior deltoid muscles (both with the
ShoulderX at head height).

The magnitude of DTSI values herein only ranged
between 1.9% and 7.3%. In contrast, Bal�a�s et al. (2018)
noted DTSI values of approximately 8% in the forearm
muscles of climbers for 8 second contractions per-
formed at 60% MVC, while Jones and Cooper (2018)
noted DTSI of approximately 10% in the vastus latera-
lis muscles during synchronised swimming. Larger
changes in TSI of approximately 15% have been
recorded in the vastus lateralis muscle during light
intensity cycling (40% peak aerobic power) (Leung et
al. 2010), and even larger changes of up to 40–50%
have been noted for maximal concentric and eccentric
bicep contractions (Muthalib et al. 2010). When placed
in context with results from these prior studies, it
becomes clear that the experimental task may not
have been as fatiguing to subjects as originally antici-
pated. At the force level chosen, there was in general
a lack of statistically significant findings in the the
physiological shoulder data attributable to the exo-
skeleton condition, even at the high (0.90) power level
calculated a priori for the number of subjects tested.
In particular, the ability of the subjects to lower their
arms between exertions could have allowed for add-
itional muscle recovery and increased blood flow to
the shoulder muscles throughout the hour-long task
(relative to the arms being constantly elevated), contri-
buting to the lack of statistically significant results
observed. However, the simulated occupational task
performed by the subjects in this study is still believed
to accurately represent overhead work tasks that
might be performed in the field. There are, of course,
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some occupational tasks where the arms are con-
stantly elevated. However, tasks in which the arms are
elevated and lowered at a high frequency (as tested
here) are also prevalent. Additionally, it remains
unclear how the results would differ at either higher
or lower force levels, as force demands vary signifi-
cantly among the many jobs that might implement an
upper-extremity exoskeleton in the field.

Exoskeletons are designed to potentiate joint
movement or transfer load elsewhere in the body,
thus leading to potential side-effects. For this reason,
we considered not only the physiological benefits of
the upper-extremity exoskeletons but also its effects
on lumbar spine loading and subjective discomfort.
Mean peak resultant spinal loads for all the exoskel-
eton conditions were 10–15% lower than the control
condition in this study, though there was only one
instance in which any statistically significant differen-
ces attributable to the exoskeleton condition was
noted (the ShoulderX relative to the control condition
at the overhead height). Kim, Nussbaum, Mokhlespour
Esfahani, Alemi, Jia, and Rashedi (2018) reported up to
a 30% reduction in spinal loading as an “unexpected”
benefit of using an exoskeletal vest, which was not
observed presently. However, at the very least, these
results suggest that there was not a cost of using any
of the three exoskeletons to the lumbar spine. These
results are contrary to a prior upper-extremity exoskel-
eton study (of a very different design) that used the
same biomechanical model and noted rather large
increases in spinal loading with exoskeleton use
(Weston et al. 2018). However, it should be noted that
external moments acting on the lumbar spine in this
referenced study were increased considerably from a
mechanical arm supporting the hand tool at a far dis-
tance from the body, whereas the moment arm
between the spine and the tool was much
shorter presently.

Finally, it should be noted that whereas the
ShoulderX performed the best in terms of the physio-
logical and biomechanical measures, the ShoulderX
consistently received the worst discomfort ratings via
questionnaire. This could be because contact forces
on this device were likely higher than the other two
exoskeletons, leading to increased discomfort. Though
contact forces were not measured directly, 8 of the 12
subjects reported discomfort arising from the
ShoulderX exoskeleton in the shoulders and neck
resulting from the device contacting their skin in the
“notes” section next to their discomfort rating in their
discomfort questionnaire. These results reinforce the
recommendation that contact forces and other related

considerations (i.e. hygiene, distraction/vigilance
changes) should also be fully considered prior to exo-
skeleton adoption in the field (Howard et al. 2020).
These results also suggest that individuals are less per-
ceptive to changes in internal factors such as fatigue
or tissue loading than they are to external factors like
contact stress.

Of course, the results of this study should also be
placed in context with its limitations. First, this study
was performed in a laboratory setting with young sub-
jects inexperienced in manual materials handling. The
subjects’ inexperience led to the decision to collect
the control condition first in all subjects, rather than
adding the control condition to the counterbalance
structure (the study team wanted the subjects to be
familiar with the experimental task before introducing
any additional intervention/changes). This may have
introduced the potential that an order effect could
have confounded the results. However, this potential
order effect was more likely to affect the dependent
measures favourably (as the subjects learned how to
better perform the experimental task with time), rather
than unfavourably and was not likely to be a large
issue given our lack of statistically significant findings
herein. Additionally, only one subjective discomfort
scale was used. Therefore, it is not possible to separ-
ate out the contribution of musculoskeletal discomfort
versus discomfort arising from the exoskeleton inter-
ventions (i.e. contact pressures) from the overall dis-
comfort scores, unless the subjects noted which type
of discomfort they were feeling in the “notes” section
that was provided next to each rating on the
questionnaire.

Because of the large time commitment per subject
to collect all the experimental conditions, subjects
were provided limited training/familiarization with the
exoskeleton devices before collecting any data.
Similarly, due to time constraints, just one experimen-
tal task was performed by the subjects at one force
level. Thus, it remains unclear how the results may
have differed at other force levels, exertion heights, or
exertion frequencies. However, based upon industrial
observations our task was indicative of common
industrial overhead work. Moreover, the restorative
force provided by each of the three exoskeletons was
held constant to “medium” levels of support. Thus, the
exact force provided by each of the exoskeletons at
this level was likely to vary within a few pounds.

Finally, the reliability of the NIRS signal has been
noted to be influenced by factors including adipose
tissue thickness (ATT) and tissue movement during
muscle contraction (Barstow 2019). While ATT was not
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assessed for any of the subjects, they were generally
of a healthy weight for their stature (average body
mass index of 22.9), and the multiple source-detector
approach used by the PortaLite system allows for sig-
nals to be recorded in skeletal muscle independent of
superficial tissue (Ferreira et al. 2005; Yu et al. 2005;
Jones et al. 2016). Likewise, in regard to tissue move-
ment, the sensors and subsequently the region of
interest could have shifted over each one-hour experi-
mental task, particularly between baseline and the
experimental task. Collecting baseline data prior to
each experimental condition with the arms elevated
rather than down in a neutral position would have
better mitigated the effects of tissue movement.
However, each repetition throughout the hour-long
experimental task was also largely isometric, which
suggests that the underlying tissue was not moving
during the actual exertions when changes in TSI were
most important.

5. Conclusion

This study evaluated three different commercially
available upper-extremity exoskeletons (Ekso Vest,
AIRFRAME, ShoulderX) against a control condition for
a simulated, repetitive occupational task. The benefits
of the exoskeletons to the shoulders were assessed
using physiological (i.e. NIRS) rather than biomechan-
ical methods (i.e. EMG). The physiological measure
associated with oxygen utilisation in the right and left
middle trapezius and anterior deltoid muscles (DTSI)
were reduced for the exoskeleton conditions by
15–134% in the right and left trapezius muscles and
by 36–56% in the right and left anterior deltoid
muscles relative to the control condition. However,
these reductions were not statistically significant,
except for in one instance (the ShoulderX exoskeleton
at overhead height), in part because low magnitudes
of the DTSI measure were recorded for the experimen-
tal task (DTSI values ranged between 1.9% and 7.3%).
Together, these results suggest that the upper-extrem-
ity exoskeletons offered little to no physiological bene-
fit for the conditions tested, but also that the
experimental task was not as fatiguing as initially
anticipated. Thus, results may differ for a more
demanding task, such as a task requiring constant arm
elevation or a higher force level. In addition to meas-
uring the benefits of the exoskeletons on the shoul-
der, potential trade-offs (changes to lumbar spinal
loading and subjective discomfort) were also assessed.
Biomechanically, the exoskeletons yielded similar (or
even reduced) spinal loads relative to the control

condition. Likewise, subjective discomfort in multiple
body regions did not differ significantly between exo-
skeleton and control conditions. These subjective dis-
comfort ratings seemed to be based most on contact
forces, and subjects appeared to be less perceptive to
changes in internal factors such as fatigue or tis-
sue loading.
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