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Abstract 

Introduction  Neck pain affects 203 million people globally and is prevalent in various settings due to factors 
like poor posture, lack of exercise, and occupational hazards. Therefore, addressing ergonomic issues with solu-
tions like a wearable robotic device is crucial. This research presents a novel assistive exosuit, characterized by its 
slim and lightweight structure and intuitive control without the use of hands, designed to mitigate muscle fatigue 
in the neck and shoulders during prolonged flexed neck posture. The efficacy of the exosuit was confirmed 
through human experiments and user surveys.

Methods  The preliminary feasibility experiment was conducted with five subjects for 15 min to verify the effect 
of supporting the weight of the head with a wire on reducing neck muscle fatigue. The prime experiment was con-
ducted with 26 subjects for 15 min to quantitatively evaluate the reduction in muscle fatigue achieved by wearing 
the exosuit and to assess its qualitative usability from the user’s perspective. For all experiments, surface electromyo-
graphy (sEMG) data was measured from upper trapezius (UT) and splenius capitis (SC) muscles, the two representa-
tive superficial muscles responsible for sustaining flexed neck posture. The analysis of the device’s efficiency utilized 
two parameters: the normalized root mean square value (nRMS), which was employed to assess muscle activity, 
and the normalized median frequency (nMDF), which was utilized to gauge the extent of muscle fatigue. These 
parameters were statistically analyzed with the IBM SPSS statistic program.

Results  When wearing the exosuit, the nMDF of UT and SC increased by 7.18% (p < 0.05) and 5.38% (p < 0.05), 
respectively. For the nRMS, no significant differences were observed in either muscle. The nMDF slope of UT and SC 
increased by 0.63%/min (p < 0.01) and 0.34%/min (no significance). In the context of the nRMS slope, UT exhibited 
a reduction of 0.021% MVC/min (p < 0.05), while SC did not demonstrate any statistically significant outcomes. The 
exosuit received an average system usability scale score of 66.83.

Conclusions  Based on both qualitative and quantitative evaluations, our proposed assistive exosuit demonstrated 
that it promises the significant reduction of muscle fatigue in the neck and shoulders.
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Introduction
Neck pain affects a staggering 203 million people world-
wide with a prevalence of 2450 per 100,000 population, 
as reported by the Global Burden of Diseases, Injuries, 
and Risk Factors Study [1]. This symptom has multiple 
potential causes, including mental stress due to psy-
chosocial factors, as well as physical factors like poor 
posture, lack of exercise, degenerative changes in the 
musculoskeletal system, and injury. While some psycho-
social factors are the predominant causes of neck pain, 
it is also imperative to consider the physical risk factors 
as they are closely related to our daily and occupational 
lives [2–13]. Neck pain is particularly prevalent in less 
dynamic settings where maintaining a specific posture is 
required, particularly among office workers and surgeons 
who must maintain sedentary or static postures during 
their work [14–23]. These ergonomic risks can negatively 
impact working performance, reduce career longevity, 
and potentially contribute to a shortage of these workers.

Professions prone to neck pain require targeted inter-
ventions and preventive measures to minimize the risk. 
Conventional neck support devices were developed 
for patients with forward neck posture symptoms and 
typically feature a cervical collar structure made of rigid 
materials to support the head in a forward-facing posi-
tion [24]. Due to the structural limitation of its static 
form for the single target posture, they cannot support 
various neck bending angles or head rotation. Adjustable 
neck supports, which improve upon previous limitations, 
have been developed to reduce muscle fatigue by alleviat-
ing the muscle effort required to maintain not only the 
forward-facing posture but also a flexed neck posture 
through manual adjustment of the chin support angle 
[25]. However, because they are manual devices, the sup-
port angle cannot be freely adjusted in situations where 
both hands are occupied. Additionally, it is difficult to 
have a conversation when the head is supported by the 
chin rest.

Recently, robotic exoskeletons have emerged as a 
game-changing solution to alleviate muscle fatigue in 
various industrial and healthcare applications [26, 27]. 
There are several robotic devices that can assist with 
maintaining static posture or moving various body parts, 
including the lower limbs, hips, back, and shoulders [28–
31]. Unfortunately, there are limited options available to 
reduce muscle fatigue from head and neck movements. 
The cable-driven robotic platform for head-neck move-
ment has shown significant reduction in neck muscle 
activity, but it was fixed to a grounded frame, restrict-
ing the wearer’s mobility [32]. The passive neck orthosis 
with a variable stiffness mechanism was developed to 
support anterior and posterior flexion movements of the 
neck [33]. This device demonstrated a reduction in neck 

muscle activation in a neck flexed posture by using a pas-
sive actuator with elastic components that adjust bending 
stiffness proportional to the head flexion angle. How-
ever, the need for a vertical slider to support various neck 
flexion angles results in a bulky overall structure. Fur-
thermore, the study has limitations, including the short 
experiment duration (5 min for measuring muscle activa-
tion) and the inability to analyze median frequency as a 
measure of muscle fatigue. Another passive neck ortho-
sis was developed for patients with degenerative muscle 
diseases [34]. Although it was confirmed that upper tra-
pezius activation decreased with the support of the fixed 
linkage frame in a neck flexed posture, the reduction in 
neck muscle activity and fatigue could not be verified. 
The passive neck assistive wearable device was developed 
to relieve neck muscle fatigue of surgeons [35]. How-
ever, the device was a prototype still in the developmen-
tal stage, and the effect of reducing muscle fatigue in the 
neck muscles was not confirmed to be statistically signifi-
cant. According to the investigation of previous technol-
ogies, there is a need to develop a device that supports a 
flexed neck posture in various work environments for the 
general public. The requirements for this device should 
include: (1) a slim and lightweight structure, (2) intuitive 
control without the use of hands, and (3) a statistically 
proven effect in reducing muscle fatigue.

This study introduces a novel assistive exosuit as a 
promising solution to alleviate muscle fatigue of rear 
neck and shoulder during prolonged use under a neck-
flexed posture, which is a common issue in various pro-
fessions. Unlike existing solutions mentioned above, 
which are bulky, limited in mobility, or lacking statisti-
cal significance in its performance, this exosuit has a 
slim and lightweight structure with intuitive, hands-free 
control. The innovation behind this solution lies in its 
ability to support a flexed neck posture across differ-
ent working environments, as is proventhrough exten-
sive human subject experiments and user experience 
surveys. The primary focus of the study is to bridge the 
gap in current literature by developing a finalized prod-
uct suitable for real-world applications, with a particular 
emphasis on achieving statistically significant outcomes. 
It hypothesizes that the proposed exosuit can reduce rear 
neck discomfort when maintaining a neck flexed pos-
ture, as evidenced by improved surface electromyography 
(sEMG) measures.

Materials and methods
This study conducted two distinct experiments on human 
subjects. The first experiment served as a feasibility test 
to verify whether simply supporting the weight of the 
head with a fixed wire could reduce muscle fatigue. The 
second experiment aimed to quantitatively evaluate the 
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reduction in muscle fatigue achieved by wearing the exo-
suit and to assess its qualitative usability from the users’ 
perspective.

sEMG measurement setup
The DELSYS® Trigno Research + system and Trigno 
Snap Lead sensors (Delsys Inc., MA, USA) were utilized 
to measure sEMG of muscles responsible for maintain-
ing flexed neck posture or neck extension movement. 
The sensors were attached to the pairs of upper trape-
zius (UT) and splenius capitis (SC) muscles, as shown 
in Fig.  1. These two muscles are the two representative 
superficial muscles known to activate during neck exten-
sion [36]. SC originates from the spinous process of C7 
vertebrae -T3 vertebrae and is inserted into the mastoid 
process of the temporal bone. The SC muscle is mostly 
located beneath the UT and sternocleidomastoid mus-
cles, but is closest to the skin in a small exposed area 
on the side of the neck, as shown in Fig. 1a. The sEMG 
sensor for SC was located by palpating the muscle belly 
within the exposed area along the line between T1 ver-
tebrae and the mastoid process, as can be seen in Fig. 1b. 
The reference electrodes for SC were attached to bilateral 
deltoid medial muscles. The placement of sEMG sensor 
for UT was done according to SENIAM recommenda-
tions [37]. The reference electrodes were placed on each 
infraspinatus muscles. After attaching the sEMG sensor, 
we checked whether the sensor was correctly located on 
the target muscle by observing the sEMG signal detected 
while the subjects tilted their head back or lifted their 
shoulders upward. The skins at the location of target 
muscle were shaved and sanitized with alcohol prior to 

attaching sEMG sensors. The EMG signals of each mus-
cle were collected at a frequency of 1024 Hz.

Maximum voluntary contraction
Before experiments, maximum voluntary contraction 
(MVC) of each SC and UT muscle was measured to 
normalize muscle activity for each subject. Two distinct 
processes of MVC measurement were carried out for 
each SC and UT muscle (see Fig.  2). In the case of SC 
MVCs, subjects sat in a chair and lightly placed their 
chest against a chest support. Then they wore a head-
gear, which was connected to a load cell fixed on the 
stand via steel cable, restricting head extension at a neu-
tral position. After preparation, subjects were instructed 
to extend their head against the resistance of the cable. 
For UT MVCs, subjects sat on a bench with fixed steel 
chain linkage on each side. They grasped the grip at the 
end of the chains and pulled them upward while main-
taining a straight arm to ensure maximum contraction 
on UT. To encourage subjects to apply their maximum 
force in both processes of SC and UT MVC, we showed 
subjects real-time data from load cells that measured the 
force applied on the cable or chains. Three sets of 5-s 
long MVC measurements were completed for each body 
segment, and the highest value from the moving average 
of collected data with the 1-s window was chosen. EMG 
was simultaneously sampled from the relevant muscles at 
a frequency of 1024 Hz.

Data processing
The Delsys EMGWorks software was used to process 
all EMG data analysis. DC offsets were eliminated by 
removing the mean of each signal. The offset signal was 

Fig. 1  Positions of target muscles and sEMG sensors. a Anatomical positions of the SC and UT muscle. b Placement of sEMG sensors on the subject
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band-pass filtered (4th-order Butterworth) at frequen-
cies between 20 and 450  Hz, a typical filter range for 
SC and UT muscles. The median frequency (MDF) was 
determined with a fixed window of 125 ms. The moving 
average with a window size of 1  min was used, option, 
and the signals were normalized by the average MDF 
value during the first 1 min of neutral posture during the 
experiment.

For root mean square EMG (RMS) data, the DC off-
sets were eliminated by removing the mean of each sig-
nal, and the signal was band-pass filtered at frequencies 
below 20 and above 450 Hz. The RMS data of this signal 
was then obtained. Similar to MDF, the moving average 
with a window size of 1  min was used, and the signals 
were normalized by the largest value recorded during 
MVCs.

For both MDF and RMS data, the change of value 
between the neutral posture and the final minute of the 
experiment was considered as the change in fatigue while 
performing the task. Also, the linear regression slope for 
the data collected over 15 min was observed to measure 
the degree of muscle fatigue change over time. These val-
ues were used as indices for comparing w/ and w/o cases. 
An increase in MDF value signifies a decrease in muscle 
fatigue, whereas an increase in RMS value denotes an 
increase in muscle fatigue.

Participants
The first experiment was conducted on four healthy 
subjects (three males and one female) to verify whether 
simply supporting the head’s weight with a wire could 
reduce muscle fatigue. The subjects’ ages, weight, height, 
and body mass index (BMI) reported as mean and stand-
ard deviation were 25.75 ± 1.89  years, 69.50 ± 13.87  kg, 
1.76 ± 0.11  m, and 22.13 ± 2.11  kg/m2, respectively. Indi-
vidual information can be found at Table  S1 in Supple-
mentary information. Individuals who are overweight 

(those with a BMI over 25) and those with any history 
of musculoskeletal disorders or chronic pain in the 
back, shoulder, and neck were ineligible to participate. 
Prior to the experiment, all participants provided writ-
ten informed consent approved by the Korea Institute 
of Science and Technology Institutional Review Board 
(KIST-202303-HR-011).

The second experiment for exosuit evaluation was con-
ducted on 26 healthy subjects (13 males and 13 females). 
The subjects’ ages, weight, height, and BMI reported as 
means and standard deviations were 24.81 ± 3.28  years, 
1.69 ± 0.08  m, 59.64 ± 10.16  kg, and 20.64 ± 2.16  kg/m2, 
respectively. Individual information can be found at 
Table  S2 in Supplementary information. The eligibil-
ity to participate in the experiment was identical to the 
previous participant recruitment. Prior to the experi-
ment, all participants provided written informed consent 
approved by the Korea Institute of Science and Technol-
ogy Institutional Review Board (KIST-202303-HR-004).

Feasibility test
The sEMG sensors were attached to the subjects’ bilat-
eral upper trapezius (UT) and splenius capitis (SC) 
muscles. The subject’s head flexion angle was meas-
ured with a headgear, which had an integrated inertial 
measurement unit (IMU) (Biscuit™, WITHROBOT, 
South Korea) and a laser pointer (see Fig. 3a). The IMU 
was located at the forehead of the headgear to measure 
head angle. The laser pointer provided visual feedback 
to ensure the maintenance of the neck bending posture 
over the experiment, as the subjects were asked to aim 
the laser spot within a designated marked area on the 
desk in front of the subjects. Each subject measured 
the angle of their neutral posture, and the head flexion 
angles were measured with respect to this neutral pos-
ture angle. The wire tension assist apparatus comprised 
a load cell and an aluminum frame vertically fixed on a 

Fig. 2  Measurement of MVC for a SC muscle and b UT muscle
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table (see Fig. 3b). A pulley was mounted on the frame, 
with a wire passing through it to connect between the 
headgear and the load cell. The subjects were instructed 
to stand in front of the wire tension apparatus and tilt 
their heads downward by 45 degrees, maintaining this 
position for 15 min under two different conditions: one 
with the wire support (w/) and the other without(w/o). 
The flexion angle value and the force exerted on the 
load cell were continuously monitored and recorded 
during these experiments. The RMS and MDF data 
from the experiment were normalized by MVC and 
averaged MDF for the initial 30 s in a neutral head pos-
ture, respectively.

A 45-degree head tilt may seem substantial, but it is a 
common angle seen in many occupational and everyday 
tasks that involve extended neck flexion. For instance, 
during open surgery, surgeons typically maintain an 
average neck flexion of 37.8 degrees, with a standard 
deviation of 11.4 degrees [38]. Also, it is also found that 
people tend to maintain head flexion angle of 33–45 
degrees while using smartphones [39]. An angle value 
that is at the upper limit of the ranges suggested in 
the above studies was chosen. Such angle value would 
allow us to assess the exosuit’s performance under con-
ditions that impose considerable, yet endurable, strain 
on the neck muscles. This approach enabled us to bet-
ter understand the upper limits of the exosuit’s effec-
tiveness and ensure its reliability across various usage 
scenarios. It was also important to avoid the Flexion 
Relaxation Phenomenon (FRP) during the experiment 
[40]. The FRP is the phenomenon where Erector Spinae 
activity decreases once full trunk flexion is reached. An 
occurrence of the FRP could distort the EMG signal, 
leading to inaccurate measurements during the experi-
ment. Based on these studies, 45-degree angle turned 
out to be a suitable angle along the upper limit of the 
frequent neck flexion angle range in various activities 
while avoiding an occurrence of the FRP.

Simple wire support helps reduce muscle fatigue
The feasibility test involved four participants and focused 
on determining whether the results supported the 
hypothesis that using a fixed wire to support the weight 
of the head could reduce fatigue in the neck and shoulder 
muscles. The emphasis was on this determination rather 
than a statistical analysis.

For the biomechanical analysis of this experiment, the 
study conducted by Hasraj et  al. [41] indicates that the 
load imposed on the cervical spine dramatically increases 
when flexing the head forward at varying degrees. An 
adult head typically weighs about 10 to 12 pounds in the 
neutral position. As the head tilts forward, the forces 
seen by the neck surge to 27 pounds at 15 degrees, 40 
pounds at 30 degrees, 49 pounds at 45 degrees, and 60 
pounds at 60 degrees. Figure 4a presents a static analysis 
using a free-body diagram of a human head, centered at 
G when the neck is flexed. This diagram is a simplified 
model of the human head-neck posture, illustrated as an 
inverted pendulum that rotates with respect to C7 verte-
bra. The moment balance equation of the free body dia-
gram is given as:

where R is the distance between C7 and the center of 
mass of a human head, m is a mass of a human head, g 
is the gravitational acceleration, x is the tension of the 
cable, θ1 is a head-tilt angle change from neutral configu-
ration, θ2 is an angle in which the cable is pulled, r is a 
moment arm of splenius capitis, and y is a muscle load to 
cervical spine. In our calculations, the value of R has been 
set to 160  mm, following the recommendation in ref. 
[41]. The weight, mg, is set to 60 N, which corresponds 
to the average mass of a human head. The variable x has 
been assigned a value of 4.9 N, representing the average 
force measured at the load cell during the feasibility test, 
as shown in Fig.  4b. θ1 is given a value of 45°, which is 

(1)
Rcos(10◦+θ◦1 )

{
mg + xsin(θ◦2)

}

− Rsin(10◦+θ◦1 ){xcos(θ
◦
2)} − ry = 0

Fig. 3  Experimental setup of feasibility test. a Detailed view of headgear components and b experimental setup
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the head tilt angle. The extra angle of 10° was assigned 
to account for the natural angle of the cervical spine at a 
neutral configuration. This angle value also corresponds 
with the 10–12 pounds of weight on the spine at a neutral 
configuration, as mentioned in ref. [41]. θ2 was between 
15 and 30 degrees during the experiment. The value of r 
has been set to 35 mm, which is the average moment arm 
of the splenius capitis muscle with respect to C7, refer-
ring to ref. [42]. With values assigned to each variable, y 
has been derived from Eq. (1). For θ2 less than 45° when 
the neck flexion angle is 45°, Fig.  4c suggests that the 
load on the cervical spine to maintain the flexed posture 
decreases as the angle θ2, at which the direction of cable 
tension acts, approaches 0 degrees (horizontal direction). 

However, to set θ2 in the horizontal direction, a long sup-
port is required to maintain the tension direction at a 
high position from the c7 vertebra, making it difficult for 
the wearable device to fit closely to the body. Therefore, 
if θ2 is designed to be between 15 and 30 degrees based 
on these calculation results, it is expected that the load 
on the cervical spine will be reduced by about 6 to 13 N 
compared to the case where there is no assistive force 
from the wire.

Figure 5 presents two plots of moving averaged nRMS 
and nMDF over time in the feasibility test for UT and SC 
muscles, using a window size of one minute. The values 
were averaged from 4 subjects. The nRMS and nMDF 
at the initial state were calculated based on the average 

Fig. 4  Biomechanical analysis of the effects of wire support. a Free body diagram showing the wire support acting on the neck and head, b wire 
tension during the feasibility test, and c variation in cervical spine load with changes in the wire supporting angle

Fig. 5  Changes of neuromuscular parameters over time in the feasibility test for UT and SC muscles. a Normalized RMS and b normalized MDF. The 
values were averaged from 4 subjects
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nRMS and nMDF of 30 s immediately before the start of 
the 15-min experiment in a neutral head posture. Data 
from left and right muscles were averaged since our 
experiment did not involve lateral bending of head-neck 
motion.

The results of Fig.  5a show that the nRMS (% MVC) 
for both the UT and SC muscles exhibit similar trends 
regardless of the presence or absence of wire support. At 
the endpoint (15  min), the nRMS for UT and SC mus-
cles were 4.37 ± 5.19% MVC and 11.23 ± 12.21% MVC 
in the case without wire support and 5.13 ± 5.83% MVC 
and 9.94 ± 8.64% MVC in the case with wire support, 
respectively. On the other hand, Fig.  5b clearly shows 
the substantial improvement in the nMDF (%) for the 
UT and SC muscles when wire support was used. At the 
endpoint, the nMDF for the UT and SC muscles were 
80.04 ± 12.82% and 90.36 ± 2.14% in the case without 
wire support and 104.56 ± 22.37% and 95.20 ± 6.45% in 
the case with wire support, respectively. This significant 
increase in nMDF indicates that the wire support effec-
tively mitigates muscle fatigue, underscoring its potential 
benefits for ergonomic improvements.

Design of the neck supporting exosuit
Building on the results of the feasibility test, where the 
wire support effectively reduced muscle fatigue, a new 
exosuit has been designed to incorporate this support 
method in a more wearable and intuitive form. As shown 
in Fig. 6, the exosuit primarily consists of four main com-
ponents: a clutch, a vest, a neck brace, and the same head-
gear used in the feasibility test. The clutch is employed 
as a locking mechanism to hold a wire connected to the 
headgear, enabling the maintenance of a flexed neck pos-
ture [43]. The mechanism consists of a spool with wire 
wound around it, a ratchet, and a tape spring, all of which 
share the same concentric axis and are connected to the 

spool. Additionally, there is a pawl that can engage with 
the ratchet, a push–pull solenoid actuator (ROB-11015, 
Sparkfun, USA) that can drive the pawl, and an incre-
mental rotary magnetic encoder (RMB20, RLS®, Slove-
nia) that is positioned at the top of the clutch to detect 
the spool’s rotation, allowing for the measurement of the 
change in wire length. The clutch is attached to the back-
side of the vest, which is made of non-stretchable fabric 
to prevent undesired movement caused by wire tension. 
The 3D-printed rigid neck brace has been meticulously 
designed to precisely conform to the contours of the 
neck and shoulders. Its primary function is to prevent 
the shift of vest around the shoulder axis caused by the 
tension from the wire. The wire connected to the clutch 
is linked to a moving pulley, while another wire, with its 
ends anchored to the left and right sides of the head via 
magnet holders, passes through a wire separator and is 
connected to the moving pulley. This functionality allows 
users to turn their head left and right even when the 
clutch locks the wire in a flexed neck position. The clutch 
is controlled by an STM32 microcontroller (NUCLEO-
L432KC, STM Microelectronics, Denmark) and powered 
by a 7.4 V, 900 mAh battery, enabling the device to oper-
ate for 9 h. The total weight of the exosuit, including the 
head gear and battery, is 975.5 g, and the time required to 
wear the exosuit alone is less than 30 s (see Supplemen-
tary Movie 1).

The exosuit can control the clutch lock based on the 
user’s head movement (see Supplementary Movie 2 
and 3). If users flex their head and remain still, with no 
change in wire length for 3 s, the encoder detects this sta-
tionary state as a triggering signal. The solenoid actuator 
then pushes the pawl, engaging the ratchet and locking 
the wire spool connected to it. This action limits wire 
movement, and users can relax their posterior neck mus-
cles by relying on the wire tension for support. To release 

Fig. 6  Exosuit system components
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the locking mode, the user only needs to raise their head 
to loosen the wire tension. The ratchet will rotate in the 
opposite direction due to the restoring force of the tape 
spring, disengaging the pawl. As a result, the wire can 
move freely again.

Experimental setup
Experimental design
The independent variable for the static posture task was 
the exosuit intervention, which had two conditions: per-
forming the task (1) with (w) the exosuit, and (2) with-
out (wo) the exosuit. The dependent variables were the 
change in the normalized median frequency (nMDF), 
root mean square EMG normalized by MVC (nRMS), 
and their change over time throughout the experiment. 
In addition, we conducted a qualitative evaluation of the 
exosuit based on participant feedback according to the 
system usability scale (SUS). The SUS, developed by John 
Brooke in 1986, is a widely-used, simple, and reliable tool 
for evaluating the usability of a wide range of products, 
offering quick and clear insights with minimal resources 
[44]. Its versatility, ease of use, and standardized evalu-
ation make it invaluable in usability research worldwide 
[45].

Experimental protocol
The experimental tasks were composed of three distinct 
tasks: (1) MVC measurement to normalize muscle activi-
ties, (2) a static neck-flexed posture task for 15  min to 
evaluate fatigue alleviation, and (3) the same task as (2) 
after a 3-h intermediate break. The 15-min duration set 
for this experiment was determined based on the consid-
eration of whether participants, equivalent to the general 
public, could complete the experiment without giving up 
due to physical fatigue. For tasks (2) and (3), participants 
were randomly assigned to wear the exosuit during one 
task (w) and to perform the other task without it (wo). 
Prior to the “w” task, a 5-min training session was con-
ducted to familiarize the subjects with the exosuit. Fol-
lowing this training, a 30-min break was implemented 
to prevent the accumulation of muscle fatigue before the 
“w” case. In tasks (2) and (3), participants were instructed 
to stand in front of the desk at a designated location, as 
can be seen in Fig. 7. Subsequently, the angle measured 
by the IMU sensor in the headgear was initialized to zero 
while the subject’s head was in a neutral posture. After 
the zero-angle calibration, the laser pointer in the head-
gear was turned on, and subjects flexed their neck at a 
45-degree angle. The 1.5 (width) × 5 (length) cm sized 
tape was attached to the location where the laser was 
pointing on the table.

After the preparation, subjects were asked to stand still 
with a neutral head posture for one minute to ensure 

stable sEMG sensor attachment and to measure the aver-
age EMG data at neutral position. Then, the subjects 
flexed their neck at a 45-degree angle and were verbally 
reminded to keep their backs and shoulders straight 
while only flexing their head. Subjects were then asked 
not to move and to keep the laser point within the tape 
for 15 min. During the experiment, the real-time output 
of the neck flexion angle was monitored. If a subject tried 
to deviate from the 45-degree angle, the experimental 
assistant guided the subject to return.

Study description
A brief description of the study was provided, and 
informed consent was obtained from participants upon 
arrival at the lab. This step was followed by researchers 
gathering anthropometric data (age, weight, stature, and 
BMI). Subjects were then asked to change into the pro-
vided clothing for ease of sEMG sensor attachment. Sub-
sequently, they were seated on a chair while their skin, on 
which the target muscles were located, was shaved and 
sanitized with alcohol for sEMG sensor attachment. Fol-
lowing the sEMG sensor attachment, task (1), measuring 
MVCs for the muscles of interest, was performed. If task 
(2) was a “w” case, subjects were trained to use the exo-
suit before a 5-min break. If it was a “wo” case, subjects 
were given a break immediately after the task (1). After 
task (2), a 3-h break was given before task (3). If task (3) 
was a “w” case, the exosuit training was conducted during 

Fig. 7  Experimental setup with the participant wearing the exosuit
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the break, at least one hour before the break ended, with 
a duration of 5 min. Upon completion of task (3), subjects 
carried out the SUS evaluation and a user experience sur-
vey to assess the neck assist exosuit’s usability.

Statistical analysis
Statistical analyses were conducted using the IBM SPSS 
Statics program to compare and evaluate the changes of 
nMDF and nRMS in the UT and SC muscles with and 
without the exosuit. The RMS and MDF data from the 
experiment were normalized by MVC and averaged MDF 
for an initial 1 min in a neutral head posture, respectively. 
The normality of each normalized dataset was assessed 
using the Shapiro–Wilk test. Since each comparison was 
made using measurements from the same subject (“w” 
and “wo”), the paired samples t-test was utilized to evalu-
ate the effect of the exosuit for data satisfying normality. 
In contrast, the Non-parametric Wilcoxon signed-rank 
test was used for data violating normality. The signifi-
cance threshold was set at α = 0.05, indicating that a 
p-value below this threshold was considered statistically 
significant.

Results
Effectiveness of the exosuit for maintaining the neck flexed 
posture
Figure  8 shows two plots of moving averaged nMDF 
and nRMS over time for UT and SC muscles, with and 
without exosuit, using a window size of one minute. The 
nMDF and nRMS at the initial state were calculated 
based on the average nMDF and nRMS of the first 60 s 

immediately before the start of the 15-min experiment in 
a neutral head posture. Data from left and right muscles 
were averaged since our experiment did not involve lat-
eral bending of head-neck motion.

For the UT muscle, as shown in Fig. 8a, the nRMS val-
ues for both conditions (with and without the exosuit) are 
very similar, leading to overlapping lines in the plot. The 
activation level is minimal, around 1% of MVC, indicat-
ing negligible muscle activation. For the SC muscle, the 
nRMS initially starts at about 3% of MVC. Upon flexing 
the head, it increases to approximately 5% of MVC and 
then rises steadily. This trend is observed for both con-
ditions, with the lines overlapping, indicating similar lev-
els of muscle activation regardless of the exosuit usage. 
For both UT and SC muscles in “wo” case, as shown in 
Fig.  8b, nMDF shows a sharp initial drop followed by a 
more gradual decline. For “w” case, the nMDF shows a 
more moderate initial decline and then levels off, main-
taining higher values compared to without the exosuit. 
This result suggests that while the exosuit does not sig-
nificantly impact the nRMS values for UT and SC mus-
cles, it helps maintain higher nMDF values, indicating 
reduced muscle fatigue.

The results of the study are summarized in Table  1, 
which compares the neuromuscular parameters between 
“w” and “wo” cases for UT and SC muscles. The neuro-
muscular parameters include nRMS (% MVC) and nMDF 
(%) at the 15-min state in the 45-degree neck flexed pos-
ture, and their respective linear regression slopes over 
time (% MVC/min for nRMS and %/min for nMDF). The 
normality test results in SPSS showed that normality was 

Fig. 8  Changes of neuromuscular parameters over time while maintaining the 45-degree neck flexed posture for UT and SC muscles. a Normalized 
RMS and b normalized MDF. The solid lines with symbols are averages and the shaded areas are standard deviations
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satisfied for the nMDF in the UT muscle, while nMDF in 
the SC muscle and nRMS in both UT and SC muscles vio-
lated normality. For the UT muscle, as shown in Fig. 9a, 
the average nRMS without the exosuit was 1.00 ± 0.95% 
MVC, whereas with the exosuit, it decreased slightly to 
0.76 ± 0.42% MVC. This difference was not statistically 
significant (p = 0.395). For the SC muscle in Fig. 9b, the 
average nRMS was 7.71 ± 4.47% MVC without the exosuit 
and 7.66 ± 5.35% MVC with the exosuit, also showing no 
significant difference (p = 0.829). The nMDF for the UT 
muscle in Fig. 10a showed a significant increase with the 
exosuit, rising from 81.76 ± 11.86% to 88.94 ± 14.71% with 
a mean difference of 7.18 ± 17.64% (p = 0.048) among all 
subjects. Similarly, for the SC muscle in Fig. 10b, nMDF 
increased from 80.79 ± 12.24% without the exosuit to 
86.17 ± 14.47% with the exosuit (p = 0.032), indicating a 
significant difference.  

The slope of nRMS for the UT muscle showed a signifi-
cant decrease in “w” case, from 0.025 ± 0.057%MVC/min 

without the exosuit to 0.004 ± 0.021%MVC/min with the 
exosuit (p = 0.016), as can be seen in Fig. 11a. However, 
for the SC muscle, there was no significant difference 
between conditions, with values of 0.202 ± 0.164%MVC/
min without the exosuit and 0.206 ± 0.216%MVC/min 
with the exosuit (p = 0.849). In Fig.  11b, the slope of 
nMDF for the UT muscle significantly decreased from 
− 0.75 ± 0.62%/min without the exosuit to − 0.12 ± 0.73%/
min with the exosuit (p = 0.002). For the SC muscle, the 
slope of nMDF showed a decrease from − 0.80 ± 0.82%/
min without the exosuit to −  0.46 ± 0.77%/min with the 
exosuit, but the change was not statistically significant 
(p = 0.118).

Survey on usability
After human subject experiments, two surveys were 
carried out to gauge user experience. The participants 
assessed the passive neck assist exosuit’s usability with 
the system usability scale (SUS) and shared their personal 

Table 1  Comparison of neuromuscular parameters between the conditions with and without the exosuit

a Two-sided Wilcoxon signed-rank test
b Two-sided paired samples t-test

Outcome measure Muscle Without exosuit With exosuit p-value

Average SD Average SD

nRMS (% MVC) UT 1.00 0.95 0.76 0.42 0.395a

SC 7.71 4.77 7.66 5.35 0.829a

nMDF (%) UT 81.76 11.86 88.94 14.71 0.048b

SC 80.79 12.24 86.17 14.47 0.032a

Slope of nRMS (% MVC/min) UT 0.025 0.057 0.004 0.021 0.016a

SC 0.202 0.164 0.206 0.216 0.849a

Slope of nMDF (%/min) UT − 0.75 0.62 − 0.12 0.73 0.002b

SC − 0.80 0.82 − 0.46 0.77 0.118a

Fig. 9  Normalized RMS (% MVC) for a UT muscle and b SC muscle after 15 min
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opinions with a custom-made qualitative survey. Accord-
ing to the responses from 10 questions in SUS, as shown 
in Fig. 12, the exosuit received an average usability score 
of 66.83 from 26 subjects, corresponding to the 46-per-
centile rank. The qualitative survey yielded positive feed-
back about the device, including comments such as “I 
experienced relief in my muscles” and “the system was 
intuitive and easy to use.” Conversely, negative comments 
were also noted, such as “I felt excessive pressure around 
shoulders” and “my arms felt numb.”

Discussion
The results from the feasibility test confirmed that pro-
viding support for the head’s weight through fixed wire 
tension in a flexed posture can reduce fatigue in the SC 
and UT muscles. Based on these findings, the exosuit 
that provides neck flexion assistance through wire ten-
sion with the clutch was developed. Human trials with 

this exosuit similarly confirmed the muscle fatigue reduc-
tion effect observed in the earlier feasibility test. How-
ever, while the feasibility test’s nMDF results indicated a 
considerable reduction in muscle fatigue due to the assis-
tive force, the reduction effect observed with the exosuit 
was not as pronounced. The differences of nMDF at the 
endpoint between the non-wire-support and wire-sup-
port cases in the feasibility test were 24.52% for UT and 
4.84% for SC. In comparison, the differences between 
“w” and “wo” cases in the exosuit test were 7.18% for UT 
and 5.38% for SC. This discrepancy might be attributed 
to the differences in how the assistance was provided. 
In the feasibility test, the assistive device was part of a 
fixed system separate from the participant’s body, offer-
ing external support without interfering with the body. 
In contrast, the exosuit is mounted on the subject’s 
shoulder, and it is highly likely that the load applied on 
the cable transmitted to reaction forces that the upper 

Fig. 10  Normalized MDF (%) for a UT muscle and b SC muscle after 15 min

Fig. 11  Linear regression slope changes in UT and SC muscle over 15 min. a nRMS (% MVC/min) and b nMDF (%/min)
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cervical and trunk muscles had to endure, thereby caus-
ing additional muscle fatigue. Also, as indicated by quali-
tative survey responses, the exosuit occasionally exerted 
excessive pressure on the muscles due to its high degree 
of fixation on the body. Additionally, psychosocial factors 
such as the tension and anxiety associated with wear-
ing the device might have intervened during the experi-
ment. These discomfort factors are presumed to have led 
to a relatively lower perceived fatigue reduction effect by 
users.

Among the 26 participants, regarding nMDF at the 
endpoint, 14 participants showed absolute advantages 
in utilizing the exosuit, 9 participants showed partial 
advantages (with positive changes in nMDF for either UT 
or SC muscles only), and 3 participants (subjects 10, 13, 

and 23) experienced entirely negative impacts on both 
UT and SC muscles. In the case of the maximum posi-
tive effect from the exosuit (see Fig. 13a), the participant 
observed differences in nMDF for UT and SC muscles of 
49.86% and 19.78%, respectively. Conversely, as shown in 
Fig. 13b, the participants who experienced the maximum 
negative effect from the exosuit showed differences in 
nMDF for UT and SC muscles of − 26.07% and − 25.19%, 
respectively.

To understand these conflicting results, we examined 
the nRMS values. As shown in Fig.  14a, subject 6, who 
exhibited a positive assistance effect, had lower nRMS 
values when wearing the exosuit. On the other hand, 
subject 10, who showed a negative assistance effect, had 
higher nRMS values when wearing the exosuit as shown 

Fig. 12  User experience evaluation of the exosuit system according to SUS. a Average SUS scores for each questionnaire item and b individual SUS 
normalized scores for each subject
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in Fig. 14b. One of the most significant factors contrib-
uting to higher nRMS in cases of negative assistance 
effect was likely the fit of the exosuit on the wearer. For 
the assistive force to be fully transferred to the head-
gear and maintain the head flexion posture, the end-
point of the assistive wire attached to the exosuit’s vest 
must remain stationary when the wire is fixed. However, 
since the exosuit is not custom-designed for people with 
different body figures, it may not fit closely to the body 
in some cases, causing the clothing to move under wire 

tension. This movement prevents the wire from provid-
ing sufficient support at the fixed 45-degree head flexion 
angle. As a result, the participant had added weight of the 
device on his shoulder and head without getting suffi-
cient support of the wire, leading to higher nRMS values 
despite wearing the exosuit.

Another factor to consider is that wearing the exo-
suit may have caused excessive pressure on the shoul-
der from its components, such as the 3D-printed neck 
brace and straps, leading to increased fatigue. According 

Fig. 13  Results of nMDF in the exosuit experiment for a the maximum positive effect case (subject 6) and b the maximum negative effect case 
(subject 10)

Fig. 14  Results of nRMS in the exosuit experiment for a the maximum positive effect case (subject 6) and b the maximum negative effect case 
(subject 10)
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to the research on the effect of mechanical compression 
on shoulder muscle fatigue [46], excessive mechanical 
compression, such as from carrying a load, can impede 
blood flow in the shoulder muscles, leading to the accu-
mulation of metabolite and decreased muscle efficiency. 
This results in an elevated rate of muscle fatigue, as indi-
cated by changes in EMG readings during prolonged 
muscle contractions. For these reasons, the excessive 
pressure from the neck brace and straps of the exosuit on 
the shoulders likely caused the UT muscle’s nMDF to be 
lower.

Other potential contributors include insufficient train-
ing time with the exosuit, and the subject’s poor physi-
cal condition. Survey responses indicate that many 
participants perceived the duration of the training to be 
insufficient. Although they acknowledged the exosuit’s 
user-friendliness, they preferred expert guidance during 
exosuit use.

Despite its statistically proven effect in this study, the 
device has some rooms for improvement. The exosuit’s 
impact on laterally bent and axially rotated neck posture 
requires further investigation, as the current experiment 
exclusively focused on a flexed neck posture. Also, its 
performance has not been proven in real-life scenarios. 
Further experimentation is desired to comprehensively 
assess its effectiveness in a more realistic scenario with 
non-limited head postures, particularly within an authen-
tic surgical context or an office, to gauge its performance 
when the user’s arm is in motion. Other future work 
includes exploring its efficacy in assisting the user dur-
ing frequent head-neck motion, not just a posture. There 
is a potential for enhanced functionality by incorporating 
a variable stiffness spring, working in tandem with the 
existing wire locking mechanism, to accommodate both 
static postures and dynamic motion.

Conclusions
This study confirmed that supporting the head’s weight 
using wire tension in a flexed neck posture can reduce 
muscle fatigue in the SC and UT muscles. Based on these 
findings, the exosuit that provides assistance in maintain-
ing flexed neck posture through wire tension with the 
clutch was developed. Human trials with 26 participants 
using this exosuit similarly confirmed the muscle fatigue 
reduction effect observed in the earlier feasibility test. 
The significant increase in nMDF for both UT and SC 
muscles when using the exosuit suggests reduced muscle 
fatigue in the neck flexed posture, while there is no signif-
icance in the change of nRMS for both UT and SC mus-
cles. The reduction in the absolute value of the nMDF 
slope for both UT and SC muscles was observed, but 
statistical significance was found only for the UT muscle. 
The nRMS slope for the UT muscle showed a statistically 

significant decreasing trend, whereas the nRMS slope for 
the SC muscle exhibited minimal differences and did not 
reach statistical significance. Based on these results, the 
neck assistive exosuit has a promising potential to be uti-
lized in many applications that require an alleviation of 
muscle fatigue while maintaining a flexed neck posture. 
Possible applications could be surgeons, office workers, 
and students who have to maintain their flexed neck pos-
ture for a long time.
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