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Abstract

Musculoskeletal disorders, particularly in the neck and back, are prevalent across various
professions, stemming from prolonged static postures and awkward neck flexions. This
study investigated the efficacy of a passive exoskeleton, designed to alleviate musculoskele-
tal neck and back strain, in a simulated neck flexion task. Ten participants performed
tasks involving neck flexion at angles of 15◦, 30◦, 45◦, and 60◦, both with and without the
exoskeleton. Additionally, the impact of using a headlight was evaluated at a 45◦ neck
flexion angle. Wearable electromyography sensors were used to quantify muscle activity as
an indicator of neuromuscular loading, while subjective discomfort was assessed using
the Rate of Perceived Exertion scale, and endurance times were recorded. The results
demonstrated significant reductions in neck and lower back muscle activity (median values
up to 31.0%) and perceived discomfort (median values up to 50.0%), with the most im-
provements at 30◦ and 45◦ neck flexion angles. Participants reported 50% higher endurance
time when using the exoskeleton. Minimal benefits were observed at 15◦ flexion, likely due
to reduced musculoskeletal demand at this angle. These findings highlight the potential of
exoskeletons as an ergonomic intervention to mitigate neck and back strain in occupations
where high degrees of neck flexion are prevalent.

Keywords: passive neck exoskeleton; neck disorder; EMG analysis; rate of perceived
exertion; ergonomic intervention

1. Introduction
Musculoskeletal disorders are a major occupational health concern, affecting mil-

lions of workers worldwide and leading to substantial economic burdens due to lost
productivity, medical expenses, and compensation claims [1]. Among these disorders,
neck musculoskeletal disorders are prevalent occupational health issues across various
occupations, which often involve prolonged static postures with sustained head flexion.
For example, the nature of surgery, requiring precision, stability, and long durations of
concentration, places significant strain on the spine and neck, increasing the risk of chronic
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pain, discomfort, and long-term health complications. According to a survey of general
surgeons, 83% of surgeons suffer from neck-related discomfort [2]. The results from [3–5]
also show that musculoskeletal disorders are correlated with surgeons’ absence from work,
and most of them have concerns regarding early retirement. Analyzing over 110 surgical
procedures, one study reported that surgeons frequently adopt risky neck postures in over
40% of laparoscopic and 80% of open surgeries [6]. Quantitative analyses of surgeons
further revealed high neck flexion angles (27–33◦), levels associated with an increased risk
of neck musculoskeletal disorders [7]. To mitigate these risks, various interventions have
been explored, including ergonomic workstation modifications and scheduled breaks.

While these interventions offer some benefits, they also have notable limitations.
For example, ergonomic adjustments [8,9] cannot provide support for different postures.
Moreover, even with optimal ergonomic setups, individuals may still experience fatigue
and strain from prolonged or repetitive tasks. Scheduled breaks, often recommended to
reduce fatigue [10–13], can provide temporary relief, but their effectiveness depends on
compliance and how individuals recover. Moreover, breaks may not be feasible as they can
affect the individuals’ accuracy and interrupt their work process. Given these limitations,
there is a need for alternative solutions that provide continuous, real-time support without
requiring major workflow disruptions.

Exoskeletons, wearable devices designed to provide external support, hold potential
as an alternative intervention for reducing neck strain, potentially replacing previously
explored options such as work breaks and arm supports. Exoskeletons have already demon-
strated notable benefits across various occupations and body regions [14,15], particularly
in tasks that place significant stress on the lower back [16]. For instance, studies show that
back support exoskeletons can reduce the physical load on the back by up to 60% [17,18],
contributing to decreased musculoskeletal strain and improved comfort. These promising
results suggest that similar devices could be adapted to address the ergonomic challenges
faced due to neck flexion.

While exoskeletons have been well explored in many industrial sectors, fewer stud-
ies [19,20] have explored the efficacy of neck support exoskeletons for healthcare occupa-
tions (e.g., surgery) where professionals are exposed to a heightened risk of neck-related
musculoskeletal disorders. Moreover, while the majority of surgeons rely on headlights
during procedures, few studies have yet evaluated how exoskeletons interact with this
additional device to replicate realistic operating conditions.

In surgical environments, neck strain often presents a primary concern for surgeons.
However, lower back strain also poses significant risks due to extended periods of standing
and leaning forward. To address these concerns, exoskeletons could be designed to provide
targeted support for both the neck and lower back, effectively distributing the load and
reducing musculoskeletal stress on these critical areas. While different exoskeletons with
different designs have been developed [20,21], not all of them are designed to support
both the neck and lower back. The recently introduced NekSpine™ exoskeleton claims
to address neck strain while offering additional lower back support. This exoskeleton is
primarily designed to alleviate the load on neck muscles. Yet it also targets and provides
support for the lower back by (1) preventing excessive forward curvature bending, which
helps maintain proper posture, (2) transferring part of the lower back load to the hips,
reducing the strain on the lower back. Thus, the exoskeleton may reduce musculoskeletal
stress in the neck and lower back parts of the body.

A recent study has evaluated the effectiveness of this exoskeleton. The results show
that the exoskeleton can reduce discomfort and postural risks [22]. While promising, the
results mainly rely on subjective evaluations, and the exoskeleton is evaluated in dynamic
tasks. However, the results from another study show that the effectiveness of exoskeletons
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depends on the postural angles [20]; this is important as surgeons maintain long static
postures at different neck flexion angles. Additionally, the effectiveness of lower back
support provided by the exoskeleton was not examined.

To complement the current literature, this study investigated the effectiveness of the
NekSpine exoskeleton in reducing neck and lower back muscle activity at various neck
flexion angles, collected by electromyography (EMG) sensors, and discomfort reported
by users, during a simulated surgical task. In addition, the influence of headlight use
together with the exoskeleton was examined by evaluating muscle activity and comparing
scenarios with and without the exoskeleton and headlight. Furthermore, endurance time
was measured to complement physiological and perceptual outcomes and to provide
insight into sustained task performance. This approach aimed to provide a comprehensive
understanding of the exoskeleton’s impact under conditions that closely replicate real
surgical environments.

The key contributions of this study are as follows:

• This study provides an objective and subjective assessment of an exoskeleton’s ability
to reduce muscle activity and discomfort in both the neck and lower back.

• The exoskeleton was evaluated at multiple flexion angles.
• The study evaluated the effects of using a headlight.

2. Materials and Methods
2.1. Participants

Ten participants (five males and five females, age: 26 ± 3 yrs, body height: 172 ± 8 cm,
and body mass: 68 ± 10 kg) were recruited for data collection. All participants were
able-bodied adults, and none of them had previous back or neck disorders. All signed a
consent form after the experiment was explained to them. This study was approved by the
research ethics board of the University of Alberta, ID: Pro00109264.

2.2. Exoskeleton

The exoskeleton used in this study was NekSpine™ (San Clemente, CA, USA), which
supports both the neck through the head frame and the lower back through the support
beam along the spine. The total weight of the exoskeleton is less than 0.9 kg. It allows
head rotations as the cable holding the head can slide within the connector to the support
beam. Additionally, the amount of support for each head flexion angle can be set by
continuously adjusting the pre-tension of the cables. The support beam comes in two sizes
for different anthropometrics. The fitting of the head frame can also be carried out with
two screws (Figure 1).

Figure 1. The exoskeleton used in this study for supporting the neck and lower back during head
flexion postures.
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2.3. Experimental Procedure

Before the experiment, participants performed some trials with the exoskeleton to
become familiar with its setting and the amount of support it provides. EMG sensors
(Tringo Avanti EMG sensor, Delsys, Natick, MA, USA) were attached bilaterally to different
muscle groups: the neck extensors, including the Splenius Capitis (SC) and Trapezius (T),
as well as the lower back muscle, Latissimus Dorsi. These muscles are selected as they are
the main contributors of neck and lower back flexion.

Before collecting data, participants underwent Maximum Voluntary Contraction
(MVC) tests to determine the maximum achievable EMG amplitude. A dynamic pro-
cedure, as described in [23], was followed to assess lower back muscle MVC. For neck
muscles (SC and T), participants performed the MVC test by pushing their head backward
against a resisted force. To collect data, the participants were asked to hold their heads
in flexion angles of 15◦, 30◦, 45◦, and 60◦ for five minutes (Figure 1). These neck flexion
angles were selected to represent a range of postures spanning low to high ergonomic
risk levels commonly observed in surgical occupations [7]. To ensure accurate neck an-
gles, a goniometer was used, with 0◦ defined as the natural resting position of the neck.
Participants were then instructed to flex their heads forward from this position until they
reached the specified angle. The task was performed with and without the exoskeleton
at four neck flexion angles, resulting in eight task conditions. Also, two more conditions
were explored: with and without the exoskeleton while wearing glasses equipped with a
headlight (0.17 kg) at a head flexion angle of 45◦.

In total, the participants performed the task under 10 conditions in a randomized
order. Breaks of 5 min were considered between trials to prevent fatigue effects. For the
condition of using the exoskeleton, participants were asked to set the support provided
by the exoskeleton based on their own preferences at each head flexion angle. During
the five-minute trials, participants simulated a task by sorting small colored balls using
different grippers (Figure 1).

Along with EMG data, with a frequency of 2148 Hz, participants’ feedback was
collected using a Rate of Perceived Exertion (RPE) scale (1–10) for both neck and lower back
areas. After each trial, participants verbally reported their RPE scores to the experimenter.
At the end of the experiment, participants underwent an endurance test at a head flexion
angle of 45◦. They were asked to stay at a head flexion angle of 45◦ with and without the
exoskeleton until they felt fatigued. Participants recovered substantially (minimum 10 min)
between the two endurance tests.

2.4. Data Analysis

First, all EMG data were processed using a 4th-order Butterworth band-pass filter,
with cutoff frequencies set at 10 Hz and 500 Hz, to remove noise and preserve the signal of
interest. EMG amplitudes were then normalized (nEMG) using the corresponding MVC
values. The mean nEMG values were averaged across both sides of the body because the
activity was symmetrical with respect to the body’s sagittal plane. EMG data, participants’
RPE feedback, and endurance time were used to compare the various aspects of the
exoskeleton, comparing data with and without the exoskeleton ( Exo−NoExo

NoExo × 100%).
A Shapiro–Wilk test was used to check the data normality. As the data were not

normally distributed, non-parametric tests were used for all statistical analyses. Wilcoxon’s
signed-rank and Wilcoxon’s rank-sum tests were used to compare the medians of paired
and independent samples, respectively. The significance level was set at α = 0.05.
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3. Results
This section presents the objective results derived from muscle activity measured

through EMG sensors as well as the subjective outcomes based on RPE feedback and
endurance times. Furthermore, a comparative analysis of the results between male and
female participants is included to explore potential differences.

3.1. Muscle Activity from EMG Sensors

As Figure 2 highlights, reductions in neck and lower back muscle activity were ob-
served when using the exoskeleton compared to conditions when it was not used. The
median of lower back muscle activity decreased from 0% to 19.3% as the neck flexion angle
grew from 15◦ to 45◦ (Table 1). However, this trend changes at a neck flexion angle of 60◦,
where the median of lower back muscle activity decreased by only 2.4%. In contrast, the
largest reduction in neck muscle activity had a median of 31.0%, occurring at a neck flexion
angle of 30◦. Muscle activity did not show a significant decrease at the neck flexion angle of
15◦ for all three muscle groups. Furthermore, the exoskeleton effectively alleviated the load
on both lower back and neck muscles even when the users wore the headlight. Specifically,
it achieved significant reductions of 8.0% and 9.7% in the median of neck muscle activity
(SC and T) and of 2.8% in the median reduction in lower back muscle activity.

Figure 2. Change in neck and lower back muscle activity in different postures with and without the
exoskeleton (SC: Splenius Capitis, T: Trapezius). * means a significant difference between results with
and without the exoskeleton from the Wilcoxon signed-rank test (α = 0.05).

Table 1. Changes (%) in muscle activity and RPE scale (median [25% 75%] interquartile) when using
the exoskeleton.

Task Condition

Body Area 15◦ 30◦ 45◦ 60◦ Headlight

Muscle
Activity

Neck
SC −15.1 [−43.2 6.0] −31.0 [−43.1 −21.0] −14.2 [−36.3 2.3] −6.0 [−14.0 1.3] −8.0 [−19.9 3.0]
T 2.4 [−24.7 15] −16.9 [−19.5 1.9] −3.7 [−20.8 11.5] 2.2 [−14.0 20.0] −9.6 [−19.8 −2.7]

Back 0.6 [−17.4 10.5] −9.4 [−14.6 −0.3] −19.3 [−23.6 −11.8] −2.3 [−6.5 6.3] −2.8 [−4.4 −1.2]
RPE
Scale

Neck −20.0 [−33.3 0.0] −45.0 [−50.0 0.0] −31.0 [−50.0 −25.0] −50.0 [−66.7 −33.3] −38.1 [−50.0 −20]
Back −8.3 [−50.0 0.0] −36.7 [−60.0 −25.0] −41.7 [−60.0 0.0] −33.3 [−50.0 −25.0] −33.3 [−33.3 −25]
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3.2. Rate of Perceived Exertion (RPE)

As shown in Figure 3 and Table 1, participants reported decreased perceived discom-
fort and exertion in both the neck and lower back when using the exoskeleton. Notably,
the median reduction in neck RPE increased from 20.0% at 15◦ neck flexion to 50.0% at
60◦ flexion. For the lower back, it increased from 8.3% to 41.7% as the neck flexion angle
grew from 15◦ to 45◦. However, the median reduction in lower back RPE in neck flexion
angle of 60◦ (33.3%) was lower than that of 45◦ (41.7%). Furthermore, the participants
experienced less discomfort while using the exoskeleton with a headlight, reporting median
reductions of 38.1% for the neck and 33.3% for the lower back (Figure 3). RPE reductions
while wearing the exoskeleton were significant in both body parts and all task conditions,
except for a neck flexion angle of 15◦.

 
Figure 3. Changes in the RPE scal1.2e reported by users in the neck and lower back areas of the
body in different task conditions with and without the exoskeleton. * means a significant difference
between results with and without the exoskeleton from the Wilcoxon signed-rank test (α = 0.05).

3.3. Endurance Time

As shown in Figure 4, the participants demonstrated significantly longer endurance
times when using the exoskeleton (p < 0.05). Specifically, the median endurance time was
7.0 min without the exoskeleton and 10.9 min with the exoskeleton.
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Figure 4. Endurance time reported by participants with and without the exoskeleton at a head flexion
angle of 45◦. * means a significant difference between results with and without the exoskeleton from
the Wilcoxon signed-rank test (α = 0.05).

3.4. Females vs. Males

As shown in Figure 5, there were no significant differences between males and females
when comparing changes in different objective and subjective variables and task conditions,
except for the neck SC muscle at neck flexion angles of 15◦ and 30◦.

 

Figure 5. Cont.
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Figure 5. Changes in muscle activity and RPE feedback in male and female groups when using the
exoskeleton (SC: Splenius Capitis, T: Trapezius). * means a significant difference between the results
of male and female participants from the Wilcoxon rank-sum test (α = 0.05).
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4. Discussion
While exoskeletons have been widely adopted for various occupational tasks, there is

limited research on their application in tasks involving sustained neck flexion. Professionals
such as surgeons, dentists, and construction workers often adopt awkward neck flexion
postures and experience significant discomfort in the neck and lower back, highlighting a
critical need for ergonomic solutions. This study evaluated an exoskeleton, designed to
reduce neck and, to a lesser extent, lower back strain during tasks involving neck flexion at
varying angles. Both subjective feedback (the RPE scale and endurance time) and objective
measurements (data from EMG sensors) were collected to comprehensively assess the
exoskeleton’s performance.

First, data from EMG sensors highlighted the efficacy of the exoskeleton, showing up
to a 37.3% reduction in neck extensor muscle activity (Figure 2), aligning with previous
studies [20]. Interestingly, while lower back muscle activity reduction by using the exoskele-
ton increased with greater neck flexion angles, the neck muscle activity demonstrated a
different pattern. The maximum median reduction in neck muscle activity occurred at
a neck flexion angle of 30◦, indicating a peak in the exoskeleton’s effectiveness for neck
support at this specific posture. At smaller flexion angles (e.g., 15◦), the head’s gravitational
load is minimal, making exoskeleton support less essential, while at larger angles (e.g., 60◦),
increased muscle activation might be required to maintain head stability.

Second, the exoskeleton was effective in reducing neck muscle activity when it was
worn along with glasses equipped with a headlight (Figure 2). While wearing a headlight
posed an additional load on the neck and lower back muscles, the exoskeleton was effective
in canceling out not only the moment due to the head weight but also the moment due to the
headlight weight. Users reported up to 66.6% less discomfort when using the exoskeleton
in the conditions of having the headlight (Figure 3).

Furthermore, recognizing users as a critical factor in the adoption of exoskeletons [19],
participants generally found the device helpful in alleviating load and discomfort in the
lower back and neck (Figures 2 and 3). However, for tasks involving 15◦ of neck flexion,
the users did not perceive a reduction in neck discomfort by using the exoskeleton. One
possible explanation is that 15◦ of neck flexion does not impose a significant load on the
neck, making the exoskeleton feel more like an additional weight than an assistive device in
this condition. The results are supported by previous studies on the impact of exoskeletons
on shoulder, neck, and lower back discomfort, where exoskeletons have decreased the level
of discomfort in simulated surgery tasks [20].

Additionally, in most cases, the changes in objective and subjective variables differed,
with changes in median RPE reduction being greater than those of muscle activity. While
part of this discrepancy may stem from the inherent subjectivity of RPE, it underscores
that objective measures alone do not fully capture users’ perceptions. Similarly, the results
from [24] show that there is no significant correlation between changes in muscle activity
and comfort or discomfort. Additionally, the results from [25] found that the mapping
between muscle activity and RPE is not one-to-one and subjective evaluations capture
aspects of perceived effort and fatigue that objective activity does not consistently reflect.
This highlights the importance of users’ preferences in exoskeleton design and effectiveness
assessment, as users are the central parts of exoskeleton adoption.

Although a 60◦ neck flexion angle represents the most extreme position compared to
15◦, 30◦, and 45◦, the muscle activity results show smaller reductions at this angle compared
to other flexion angles, particularly 30◦ and 45◦. This discrepancy can be attributed to the
way the exoskeleton provides support. Achieving higher neck flexion angles requires users
to actively push against the exoskeleton to reach the desired position. Despite participants
being trained and instructed to adjust the exoskeleton settings for both comfort and optimal
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support during neck flexion, maintaining this balance becomes increasingly challenging
at higher flexion angles. Consequently, slight deviations in the exoskeleton’s settings can
impact neck stability at high flexion angles. To maintain a stable head posture, both the
extensor and flexor muscles are engaged, resulting in smaller reductions in muscle activity
during a 60◦ neck flexion. Additionally, this limited support can be attributed to the
flexion–relaxation phenomenon, in which the neck extensor muscles reduce EMG activity
at near-maximum neck flexion [26]. This phenomenon was found to be occurring at a 60◦

neck flexion angle in [27].
Participants reported a 1.55-times-higher median endurance time when using the

exoskeleton compared to not using it at a neck flexion angle of 45◦ (Figure 4). Since
surgeons often maintain static postures for extended periods, the observed increase in
endurance time highlights the potential of the exoskeleton to provide meaningful support
during prolonged tasks, thereby reducing physical strain and improving overall comfort.
A similar study evaluating a head support exoskeleton found that using the exoskeleton
significantly increases the fatigue threshold time [28].

Finally, as demonstrated in in Figure 5, a significant difference between males and
females was observed only at two neck flexion angles and exclusively for the SC muscle
group. This limited difference suggests that, for most flexion angles and muscle groups,
factors such as muscle adaptation, body posture, and exoskeleton support influence both
males and females in a comparable manner. While the limited sample size for the two
groups reduces the statistical power to detect any true differences, previous studies have
shown that sex differences in neck muscle activity vary with posture and are not consistent
across all conditions, highlighting task-specific differences in neck muscle behavior [29,30].
Additionally, regarding the evaluation of exoskeletons, the results from [31] showed that the
exoskeleton’s effectiveness can differ between males and females because of variations in
strength, endurance, and movement patterns. Females may benefit more from exoskeletons
that support precision and fine motor control tasks, whereas males may experience greater
advantages from exoskeletons that enhance strength and load-bearing capabilities.

Beyond its ergonomic role, the neck support exoskeleton can be conceptualized as
a partial gravitational unloading intervention. Unloading paradigms have been widely
employed in gravitational physiology as Earth-based analogs of microgravity (e.g., head
down tilt, dry immersion, and bed rest) [32,33], where reductions in axial loading are
known to alter muscle tone, proprioceptive input, and neuromuscular control strategies.
Such unloading has been associated with reduced extensor muscle activity, shifts in flexor–
extensor balance, and a tendency toward forward-flexed neutral postures observed in
spaceflight conditions. From this perspective, the reduction in cervical extensor demand
observed with the exoskeleton may not solely reflect ergonomic optimization but may also
represent a neuromuscular adaptation to partial unloading. While decreased muscular
demand may be beneficial for fatigue mitigation, prolonged unloading could influence
sensorimotor control and postural regulation through mechanisms analogous to functional
deafferentation. Therefore, the interpretation of head–neck kinematic changes should
consider both ergonomic and gravitational modulation effects. Future research should in-
vestigate the long-term neuromechanical consequences of sustained unloading, particularly
in precision-demanding occupational tasks such as surgical practice.

It should be noted that the exoskeleton used in this study is a passive device, and
therefore the magnitude of mechanical support provided to the head was not directly
quantified in the present study. The assistance level depends on cable pre-tension and
head flexion angle, resulting in variable and task-dependent unloading of the head. Future
studies should incorporate direct force measurements to quantify the actual extension
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moment generated by the exoskeleton. Such quantification would enable the more precise
evaluation of load-sharing between the head and the exoskeleton.

This study demonstrated the effectiveness of an exoskeleton, designed mainly for
neck support and partially for lower back support, in a simulated surgical task. However,
its findings have limitations that can be addressed by further research. One limitation
of this study is the sample size. Future studies should involve a larger, more diverse
participant pool to draw more robust, generalizable conclusions. Second, a broader range
of objective and subjective measures should be used to comprehensively evaluate the
efficacy of exoskeletons across all relevant aspects. Future research should incorporate
additional variables, such as energy expenditure and posture-based metrics, particularly
since previous research suggests that body kinematics can be influenced by fatigue over
time [34]. This approach will ensure a more thorough understanding of exoskeleton
performance. Third, a surgical task was simulated for five minutes in this study. In reality,
surgeons are exposed to different neck flexions in various body postures for much longer
times, often while maintaining high levels of concentration, fine motor control, and visual
attention. These cognitive demands may influence their perception of fatigue differently
than in this study. Therefore, expanding upon this research, future studies can explore the
performance and usability of exoskeletons with real surgeons while also considering the
potential impact of mental workload on fatigue perception.

5. Conclusions
The exoskeleton used in this study demonstrated potential as an ergonomic inter-

vention for reducing neck and lower back musculoskeletal strain during tasks involving
moderate to high neck flexion angles. The results showed that the exoskeleton effectively
decreased muscle activity, as measured by EMG sensors, and perceived discomfort in the
neck and lower back, a critical occupational challenge faced by industry and healthcare
professionals, such as surgeons and dentists. The exoskeleton also improved endurance, en-
abling users to maintain static postures for extended periods, which is essential for surgical
tasks. Overall, the results show that neck support exoskeletons can offer a promising path-
way to improve comfort, reduce strain, and potentially enhance long-term occupational
well-being across various occupations involving neck flexion tasks.
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