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ABSTRACT

Exoskeletons are wearable devices that can enhance human strength and are used in various fields, such as health-
care and the manufacturing industry. However, poorly designed exoskeletons can strain the muscles and cause inju-
ries to users. The objectives of this review paper are to review the ergonomics factors that contribute to a harmonious
user-exoskeleton interaction and to explore the current trends, challenges, and future directions for developing er-
gonomically designed exoskeletons. In this review, 102 relevant papers published from 2015 to 2023 were retrieved
from Web of Science, Scopus, and Google Scholar. These papers were considered in the analysis for gathering rele-
vant information on the topic. The authors identified six ergonomics factors, namely kinematic compatibility, contact
pressure, postural control, metabolic cost, cognitive workload, as well as task demands and workplace conditions,
that can influence the interaction between users and exoskeletons. By understanding and addressing these ergonom-
ics factors during the design and development process, exoskeleton designers can enhance the user experience and

adoption of the devices in daily living activities and industrial applications.
Malaysian Journal of Medicine and Health Sciences (2023) 19(6):311-327. doi:10.47836/mjmhs.19.6.41

Keywords: Ergonomics, Assistive device, Human-machine interaction, Exoskeleton technology

Corresponding Author:
Isa Halim, PhD

Email: isa@utem.edu.my
Tel: +606 2702615

INTRODUCTION

In the advancement of assistive device technology,
exoskeletons are widely applied in many sectors, such
as manufacturing and construction industries, healthcare
and rehabilitation centers, and the military. Exoskeletons
are mechanical devices worn by individuals to enhance
or support their posture, movement, or physical activities
(1). Exoskeletons are utilized by individuals from diverse
professions, including industrial workers, healthcare
professionals, gait trainers, and soldiers. Depending on
the application, an exoskeleton will be attached to the
entire body, lower body, upper body, specific body part,
or specific joint. Exoskeletons are categorised according
to the part of the body to which they are attached. For
instance, a complete-body exoskeleton is a type of
exoskeleton that is affixed to the entire human body.
Exoskeleton can generally be divided into two categories:
active and passive, as well as stiff and flexible structures
(2,3). An active exoskeleton utilizes one or more
actuators to enhance a user’s strength and activate their

bodily joints. Electric motors, hydraulic actuators, and
active suspension control systems are examples of these
actuators. Meanwhile, a passive exoskeleton consists of
mechanical mechanisms such as springs, dampers, and
pulleys, which does not require any actuator and power
supply. A stiff-structure exoskeleton is constructed using
rigid and hard materials, which can create contact
stress and kinematic incompatibility for users. On the
other hand, a flexible-structure exoskeleton, called an
‘exosuit’, is manufactured from soft materials that are
lighter than a rigid exoskeleton (4).

Exoskeletons are widely utilized across various domains,
particularly in industrial work processes like parts
assembly and materials handling (5-20); healthcare and
rehabilitation (21-28); elderly care for rehabilitation
and daily activities such as sit-to-stand movement and
walking (29,30); military (31,32); as well as sports and
recreation (33,34). Using exoskeletons for industrial work
processes has demonstrated several proven benefits,
including a reduction in peak compression force in the
back by 5 - 14% during manual lifting (35-37), lowering
the perceived exertion and shoulder muscle activity
during plastering jobs (38), and reducing the heart rate
of 1.5 beats per minute in dynamic lifting tasks (39).
This highlights the positive impact of exoskeletons
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on minimizing strain and potential injuries in such
tasks. Additionally, the application of exoskeletons
for industrial tasks showed promising results on work
efficiency and productivity (40,41).

The primary objective of exoskeleton design is to

customize the mechanical structure and software
according to the users’ physical characteristics,
biomechanics, and  cognitive  abilities.  This

design principle is crucial for achieving optimal
synchronization and harmonious interaction between
users and exoskeletons, enabling smooth execution of
body movements or specific tasks. A study pointed out
that the design of the exoskeletons must be harmonious
with the users’ anatomy (42). “Harmony” means a
situation in which the users are in a peaceful state with
the exoskeletons, the tasks, and the work environment
in which they can work together without mismatch or
conflict. To be specific, harmony relationship between
the user and exoskeleton can be seen in terms of
kinematic compatibility (e.g. the exoskeleton’s actuator
is aligned with the human joint to allow smooth motion),
minimal contact pressure between the human body
and the exoskeleton, good postural controls, preserve
metabolic cost, reducing cognitive workload, and
friendly to task or workplace conditions. One of the ways
to achieve this harmonious interaction is by considering
ergonomics factors during the design and development
stages of the exoskeletons. Ergonomics factors refer to
the engineering principles that utilize theory, data, and
design methodologies to ensure that an exoskeleton
suits the needs, capabilities, and limitations of its users.
Ergonomics factors play a crucial role in designing an
effective and comfortable exoskeleton for the wearer.
In other words, ergonomics is a scientific discipline
that focuses on understanding interactions between
humans and other system components (43). The main
goal of ergonomics is to make sure that products, like
exoskeletons, match or fit users’ physical (e.g. kinematic/
body motion), physiological (e.g. contractions of the
muscles), psychological or cognitive (working memory),
and behavioral needs. The application of ergonomics for
enhancing occupational health and human well-being is
well-established in many areas, such as manufacturing
industry (44,45), healthcare sector (46), and agriculture
(47).

This review aims to offer guidance to engineers and
product designers about how to incorporate ergonomics
factors into exoskeleton designs so that the devices
can work well with the users. Neglecting ergonomics
factors in designing and developing exoskeletons might
pose a number of ergonomics risks while wearing the
devices. As a result, poorly designed exoskeletons may
force users to adopt unnatural movements, causing
their brains to work overtime as they struggle to
synchronize with the exoskeletons instead of achieving
a harmonious interaction. In such cases, the users’

bodies and the exoskeletons become incompatible,
leading to inefficiency and potential discomfort or
strain (48). Furthermore, weighty and inflexible-design
exoskeletons can affect users” body motion and balance
to perform tasks or exercises. These constraints can lead
to ergonomics-related injuries such as muscle strain and
sprain.

Based on recent review articles (49-74) in Table I,
previous authors reviewed thefollowing research interests
related to exoskeleton technology, including: structural
design, application and acceptance of exoskeletons in
elderly care; design and application of exoskeletons for
patient handling and rehabilitation; development and
application of lower limb exoskeletons; application
of artificial intelligence in exoskeleton development;
mechanical design, sensors, and control systems;
application of exoskeletons in manual handling tasks;
physical human-exoskeleton interactions and critical
factors influencing user experience in exoskeleton
applications.

The authors observed that prior reviews mostly ignored
the obvious lack of knowledge on ergonomics factors
influencing operating in harmony with the exoskeletons.
The exoskeleton applications and evolutions, hardware
and software designs, as well as user acceptance of
the exoskeletons, have been the subject of a sizable
quantity of the published articles. However, a review
on the ergonomics factors for achieving harmonious
relationship between exoskeleton-user-task-workplace
conditions appeared to be sparse. Therefore, this review
aims to reveal the ergonomics factors determining
harmonious interaction between the user-task-
workplace in exoskeleton applications. Additionally,
the authors discuss the current trends or strategies to
achieve harmonious interaction corresponding to each
ergonomics factor, challenges, and future research
directions of ergonomic exoskeletons. The technical
know-how presented in this paper is indeed useful
to engineers and product designers in developing
exoskeletons that are compatible with the physical and
cognitive of users, tasks, and workplace conditions.

This paper is divided into two main sections that
represent the results and discussion of the review.
The results section reviews the six ergonomics factors,
namely kinematic compatibility, contact pressure,
postural control, metabolic cost, cognitive workload, as
well as task demands and workplace conditions. These
six ergonomics factors play a crucial role in achieving a
harmonious interaction between users and exoskeletons,
ultimately enhancing user experience and work
performance. Meanwhile, the second section discusses
the current trends or strategies to achieve harmonious
exoskeleton-user interaction, challenges, and future
research directions for ergonomic exoskeletons.
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Table 1 - Focus of past review papers related to design and applica-
tion of exoskeleton (2018-2023)

Review Focus of review Research
articles interests
49) Joint types, actuation modes and controls of Design, ap-
exoskeleton devices. plication and
acceptance of

51 Actuator and power supply, controls and exoskeletons in

mechanism design.
elderly care.

(50) Technology acceptance models.

52) Methodologies to improve gait of older
persons.

(53) Engineering design aspects of hip exoskele-
tons for gait rehabilitation and augmentation.

(54) Application of exoskeletons in patient han- Design and
dling tasks. application of

. . . exoskeletons

(55) Methodologies, metrics and experimental for patient
procedures to assess motor skills of lower handling and
limb exoskeletons usage. rehabilitation.

(56) Application of lower limb rehabilitation
exoskeleton for patients with lower limb
disorders.

(57) Mechanical design and controls of rehabilita-
tion exoskeleton.

(58) Development and innovation process of
lower limb exoskeleton for rehabilitation
purposes.

(59) Active hand exoskeleton for rehabilitation,
assistance, augmentation, and haptic devices.

(60) Sensing and control of lower limb exoskel- Development
etons. and application

. s of lower limb

(61) Exoskeletons for lower limb applications,

; - exoskeletons.
major research challenges and opportunities.

(62) Artificial intelligence-based upper limb Artificial intel-
exoskeletons. ligence (Al).

(63) Recent developments in exoskeleton business
and emerging applications such as artificial
intelligence.

(64) The advances and trends of the process-
ing and control systems based on artificial
intelligence.

(65) Mechanical structure and actuation technolo-  Mechanical
gies of knee exoskeleton. design, sensors,

. . and control

(66) Mechanical structure, performance metric,

systems.
control systems, and actuators of exoskele-
tons.

(67) Development and challenges relating to
control systems.

(68) Controller design (dynamic modelling and
control system), and hardware system (actua-
tor, transmission).

(69) Sensor technologies on normal and shear
load for prosthetic, orthotic and exoskeleton
applications.

(70) Actuation, structure, and interface attach-
ments.

(71) Application of exoskeletons in manual han- Exoskeleton
dling tasks among Australian Defence Force application in
personnel. manual mate-

. . rials handlin

(72) Exoskeleton technologies for manual handling tasks 8
tasks in construction. '

(73) Metrics, testing procedures, and measurement  Physical hu-
devices used to assess human-exoskeleton man-exoskele-
interactions. ton interactions

. . . . . and user

(74) Factors influencing user experience in passive .

experience.

exoskeleton applications.
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METHODOLOGY

The research questions guiding this review are: What
ergonomics factors enable the users to work in harmony
with the exoskeletons? How to design exoskeletons
for achieving harmonious interaction? The authors
searched relevant journal papers, book chapters, and
conference proceedings from electronic databases such
as Web of Science, Scopus, and Google Scholar (n =
247), published from 2015 to 2023. These types of
publications were excluded from the search: narrative
papers without supporting data, Ph.D and Masters
research theses, undergraduate final year reports, and
textbooks. The search was conducted using the terms:
‘exoskeleton’, ‘harmony interaction’, ‘ergonomics’,
‘industrial application’, ‘healthcare and rehabilitation’,
‘military’, and ‘sports’. The complete texts of English-
language academic articles, including original research
and reviews, were then downloaded. In order to gather
additional pertinent articles, the authors also looked
through all of the publications’ reference lists. The review
methodology procedure was designed in accordance
with the Preferred Reporting ltems for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines (75).
There were 205 papers remained after screening the
similar or overlap papers. Then, the authors examined
and comprehended the title of these papers. Out of
which, 79 papers were discriminated due to scope
irrelevancy. Next, the abstract of 126 papers were read,
and any paper with unclear abstract was eliminated (n
= 15). The next step involved reading all 111 papers in
their entirety. These papers will be considered for the
final review if they satisfy the inclusion requirements.
The requirements were: presenting research on the
ergonomics of exoskeleton technology, kinematic
compatibility, contact pressure, postural control,
metabolic cost, cognitive workload, and task demands
& workplace conditions. To reduce bias in the article
selection process, the journal name, authors, and
institution were taken into consideration as exclusion
criteria. The quality of the selected papers was assessed
by checking these requirements: Is the method applied in
the studies reliable? Has the Institutional Review Board or
Research Ethics Committee authorised the experimental
protocols? Finally, 102 papers were chosen, reviewed,
and mined for kinematic compatibility, contact pressure,
postural control, metabolic cost, cognitive workload,
as well as task demands and workplace conditions. A
flowchart of the procedures used to gather, sort, and
evaluate the published papers is shown in Fig. 1.

RESULTS

Kinematic Compatibility

Kinematics is about the motion of human limbs
interconnected by the joints. When the mechanical
components of the exoskeleton and human joints are
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Figure 1: Flow of process in collecting, filtering and reviewing
the papers

perfectly aligned, there is kinematic compatibility. In
other words, there should be no mismatch or conflict
between the exoskeleton’s movement and the human
limbs. A compatible design of the exoskeleton resulted
in ease of user motion. Kinematic compatibility can be
seen when the exoskeleton does not cause restrictions on
the users” movements (76). One of the key requirements
for kinematic compatibility is that the exoskeleton’s
mechanical components function simultaneously with
the user’s body parts. Hence, the dimension (especially
the length and circumference) of the exoskeleton’s
structure should be measured and fabricated in a way

that is fit to the user’s body dimension. Additionally,
the degree of freedom (DOF) of the exoskeleton and the
user should likely be near to equal (77). These design
elements are helpful in enhancing the user’s physical
performance in task manipulation and movement
coordination.

On the other hand, exoskeletons that are designed
without considering the kinematics of human body
parts will pose issues such as limited or disrupted user
movement, discomfort, and safety non-compliance such
as snagging. Previous studies found that poor alignments
between the user anatomical joints and the exoskeleton
joints could create spurious forces and potentially
deteriorate user performance (78,79). A study in (80)
observed that the XoTrunk exoskeleton reduced the hip
flexion by 24%, thus hindering the users’ natural gait.

Contact Pressure

The mechanical forces exerted by the exoskeleton’s
structure result in pressure on the contact or interface
area between the user and the exoskeleton. This
pressure, known as contact stress, can be measured
perpendicular to and parallel to the contact area. Forces
acting perpendicularly or parallel to the contact area are
normal and shear stresses, respectively (69).

Pressure is unavoidable when there is contact between
the user and the exoskeleton’s links and joints. It is
important to minimize pressure to prevent potential
negative effects such as bruises and blisters. Shear forces
generated at the contact surface between the user’s
skin and the exoskeleton create friction. This friction
leads to persistent, localized pressure on the skin and
soft tissues, which can cause long-term health issues.
The soft tissues surrounding the contact area cannot
withstand high pressure (69). Prolonged intense pressure
at the point of contact between the user’s body and the
exoskeleton can impede blood flow or compress tissue,
resulting in bruising (81). Additionally, the strap used
to secure the exoskeleton frame to the user’s body may
subject nearby soft tissues to shear stress. According to
Gorgey (82), thigh straps create contact pressure ranging
from 80-120mmHg, which may lead to skin and soft
tissue injuries. Baunsgaard (83) used the Ekso Bionics
exoskeleton to treat gait in patients with spinal cord
injuries and observed that some patients developed
pressure ulcers at the contact points with the exoskeleton.
It has been shown that the mechanical force exerted
on the user’s body creates contact pressure, leading
to discomfort and injuries in the skin and soft tissues,
ultimately affecting user satisfaction and acceptance of
the exoskeleton (84,85).

Postural Control

Postural control is related to human sensory and nervous
systems that provide fundamental motor functions for
maintaining body postures and stability to perform daily
routine tasks (86). In any posture or activity, Pollock (87)
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defines control of posture as the human endeavour to
maintain, achieve, or restore the body’s centre of gravity
or line of gravity within the base of support. One of the
crucial factors that must be considered in the design
of an exoskeleton is postural control. An exoskeleton
user requires good postural control to maintain his/ her
body in stable postures for standing, walking, or lifting
objects while wearing the exoskeleton. A proper design
of the exoskeleton’s main structure and parts should
not interfere with postural control to warrant the user’s
stability while working with the exoskeleton. Stability
refers to the ability of the human body to return to its
original position or regain balance after experiencing
a disturbance. It encompasses the body’s ability to
maintain equilibrium and resist external forces that
may disrupt its position. Achieving stability is crucial
for performing tasks effectively and safely, particularly
when interactions between humans and exoskeletons
occur. When the line of gravity or the body’s centerline
is displaced from the base of support, postural control
can sense the instability or unbalance of the body, and
uses muscular activities to counteract the gravitational
pull to prevent the body from falling (87).

In applying the exoskeleton for industrial tasks, postural
control is perceived to be influenced primarily by the
physical demands and user acceptance, especially for
the work processes that require frequent movement or
dynamic body postures. There are issues on exoskeleton
design pertaining to postural control reported by previous
studies. Alabdulkarim and Nussbaum (88) performed a
simulated industrial drilling task as a case study. User
feedback from the case study was that the entire body
exoskeleton (FORTIS™ Exoskeleton) affected postural
stability, making it difficult to control postural balance.
High sitting on the lower-limb exoskeleton Chairless
Chair led to discomfort and less balanced in terms of
control of posture for clip fitting, screwing, and cable
mounting chores (5). A study by Kim (89) observed
an additional challenge for users to compromise
postural control or body balance while wearing an
upper extremity vest exoskeleton. Fig. 2 shows a user
struggling to stabilize his posture while donning a lower
limb exoskeleton.

Metabolic Cost
The overall energy used by the body to carry out physical
actions like walking and industrial job processes is

Figure 2: A user has difficulty stabilizing his posture while
donning a lower limb exoskeleton

known as the metabolic cost. Expressions for metabolic
cost include metabolic energy used up per unit of time,
and metabolic energy used up per unit of distance (90).
Activation and deactivation of skeletal muscles allow
the movement of body parts for mobility, stability, and
postural control. There is a substantial relationship
between the metabolic cost and the (de)activation of
muscles (91). It is well reported in the literature that
exoskeletons help support physical demands to handle
different task requirements (92-94). Furthermore, with
the aid of the SPEXOR spinal exoskeleton, metabolic
cost and muscle activation in repetitive lifting were
reduced by 18% and 16%, respectively (95). A back-
support exoskeleton minimized back muscle activation
and metabolic cost of lifting tasks up to 57% and 18%,
respectively (94). Another study demonstrated that an
ankle exoskeleton could lower the metabolic and muscle
activation costs of walking by 7.2% (96). A mechanical
clutch exoskeleton reduces the metabolic expenditure
of walking by 7.2-2.6%, according to a study by Collins
(25). The lower-limb exoskeleton Chairless Chair helped
lessen the muscle activation of the erector spinae in clip
fitting, screwing, and cable mounting tasks (5).

However, improper exoskeleton design is potentially
causing the users to activate greater muscle effort and
higher energy consumption instead of minimizing the
metabolic cost. When working with an exoskeleton, a
user must apply muscle strength to wear the device and
perform tasks. Parts of the processes include donning or
doffing, lifting and carrying the device, manoeuvring the
device and counteracting the gravitational force when
the body is unbalanced. The heavier the exoskeletons,
the more activation/ contraction of the muscles. A greater
muscle contraction causes higher metabolic costs to
be consumed. This has been evidenced by a previous
study, in which wearing a trunk exoskeleton had
increased metabolic costs by 17% during walking (97).
Additionally, when muscles contract at their maximum
continuously, they would fatigue more rapidly, leading
to muscle strain.

Cognitive Workload

In the design and development of the exoskeletons,
designers should not only emphasize the physical aspects
(e.g. kinematic compatibility, contact pressure, etc.), but
also consider the users’ cognition characteristics. This
means that the physical and cognitive elements should
combine to satisfy the users’ needs. Cognition is about
the human’s mental performance to acquire and process
knowledge and information through sensing, perceiving,
recognizing, memorizing, and thinking. Stirling (98)
stressed that an exoskeleton system designed with
cognitive fit can support human information processing,
including somatosensation (e.g. sensory feedback
related to pressure), executive function (e.g. working
memory), and motor-action selection (e.g. activation of
the muscles) when users are wearing the device.
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Cognitive workload, or mental workload and mental
demand, refers to the amount of working memory in the
brain employed for processing information when the
brain is thinking to accomplish a task (99). The cognitive
workload of users working with the exoskeleton needs
to be examined thoroughly so that the device would
not affect mental performance. When users work with
exoskeletons with light or low cognitive workload,
then it is good for their mental health. Contrarily a high
sustained cognitive workload can cause mental fatigue,
frustration and stress. For example, the PAEXO (a
passive upper limb exoskeleton) reduced the perceived
workload of four industrial workers in an automotive
assembly factory (100). However, the study by Zhu
(101) observed that the existing exoskeleton designs
accentuated physical fit but oversaw cognitive fit.
In other words, the exoskeletons worn by industrial
workers or patients may reduce the musculoskeletal
loadings during task handling or exercises. However, at
the same time, the device increases cognitive demands.
As an illustration, a team of physiotherapists using the
Ekso bionic exoskeleton for neurological rehabilitation
claimed that using the equipment needed a high and
consistent level of cognitive workload (102), which
could lead to mental stress. Findings in (103) revealed
that the visual reaction time of a group of users is
slower when wearing a powered exoskeleton. The
study suggested considering cognitive fit in the design
and implementation of the said device. As a result, in
order for the exoskeleton to be used effectively, the
user’s cognitive performance must be maintained
appropriately (104). This paper summarized that the
cognitive workload should be minimal to achieve user
acceptance and wider applications.

Task Demands and Workplace Conditions
Exoskeletons have been recognized as a useful device
to enhance the capability and endurance of users for
industrial purposes, especially in handling heavy
materials and repetitive tasks (72). The innovative design
of the exoskeleton benefits many sectors, including
construction or manufacturing industries, healthcare,
rehabilitation and training (105,106), military tasks
(71,107,108), and sports (109). Application of the
exoskeleton in the construction or manufacturing
industries can be seen in lifting tasks (110), screwing
tasks (111), and bolting tasks (112). The healthcare
sector includes patient handling tasks (54) and elderly
care (113). Some exoskeletons are designed to be
effective for specific types of task demands, such as
lifting activities at industrial workplaces (93). In the
manufacturing industry, since there are lots of tasks or
work processes, there is no exoskeleton that is able to
support all the tasks or work processes. This is why a
specific design of exoskeleton for special task is needed
(114).

Industrial tasks such as drilling and screwing have
specific procedures or process flows and supporting

equipment/ machines (e.g. portable grinders, powered
screwdrivers and hand drills). The exoskeleton should
not interfere with and affect the work performance of
users (e.g. productivity and efficiency) in executing
the tasks. The exoskeleton’s action or mobility should
precisely correspond to: the postures and movement of
the user, the force needed to manipulate the task, the
frequency or cycle of the tasks, size and speed of the
supporting equipment/ machines. An exoskeleton that
fits the user’s body and does not impede the workflow
during work will encourage the users to perceive the
device with high acceptance and usability (115).
However, exoskeletons are not a cure for all. Even
though the exoskeletons proved helpful in lifting tasks,
the devices tend to restrict the users from walking (80).
In this regard, a study (115) revealed that two luggage
handlers perceived the lifting task as easy to do when
wearing exoskeletons. However, the other two handlers
did not sense any advantages.

Furthermore, the safety aspectrequires proper attention so
that the exoskeleton will not cause workplace accidents
(e.g. falling and entanglement). The exoskeleton should
be quickly and safely detachable when users perform
industrial jobs and encounter hazards like pinch, trip,
and snag. Before purchasing exoskeletons, employers
should pay attention and put efforts to check the devices
suitability for harmonizing exoskeleton usage with
secondary activities at the workplace, such as ascending
or descending stairs, ramps, and ladders (116). In
addition, the exoskeleton should allow the user to walk
through narrow passages (e.g. between two machines)
to avoid the potential risk of being stuck. Subsequently,
the exoskeleton should not hinder the ability of users to
operate materials-handling equipment such as trolleys
and pallet trucks. In the case of an emergency (e.g. fire),
exoskeleton users should still be able to open and close
the emergency doors. Moreover, the exoskeletons can
still permit the users to perform hand-operated tasks
such as typing keyboards and operating machines
or controlling the room’s control panels. Last but not
least, when wearing an exoskeleton, the user should
be free from incompatibility with personal protective
equipment, including safety gloves, safety boots, body
harness, and safety jacket (117).

DISCUSSION

Current Trends of Ergonomic Exoskeletons

Exoskeleton is a wearable device that has close
interaction with the users. Based on the review results,
the authors have highlighted six ergonomics factors that
need to be considered by designers and manufacturers
when designing and developing exoskeletons that are not
only compatible but also have harmonious interaction
with the physical and cognitive of the users, task
demands, and workplace conditions. The current trends
for achieving harmonious interaction corresponding to
each ergonomics factor are discussed in the following
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subsections.

Kinematic Compatibility

Based on the literature, ‘Exoskeleton Harmony’ is one
of the exoskeletons with good kinematic compatibility
(141). Previous studies have proposed the following
methods and strategies to achieve kinematic
compatibility of exoskeletons:

1. The number of degrees of freedom (DOF) of the
exoskeleton and human body parts should presumably
be near to equal (118).

2. To design the exoskeleton’s joint with a self-
aligning mechanism (79).

3. Thelinks of the exoskeleton should allow extension
and retraction to accommodate various heights of users
(119).

Passive DOF with joint self-alignment (120).
Passive linear joints (121).

Bionic design and adjustable structure (122).
Adaptive admittance control law (123).
. Use compatible elements, add
redundancy, and do manual alignment (76).
9. Atrtificial tendons for actuating and restoring force
to the fingers (124).

PN A

kinematic

Contact Pressure

Sharp corners in the mechanical structure of the
exoskeleton (even padded) can exert contact pressure
on the users’ skin and soft tissues while attaching the
exoskeleton to the user’'s body. To ensure that the
pressure is evenly distributed across a greater region,
it is preferable to design the mechanical structure of
the exoskeleton with rounded edges. Additionally, the
following methods and strategies have been proposed
by previous studies to circumvent excessive contact
pressure:

1. Provides cushioning pad to the exoskeleton frame
(125).

2. A sensory system to monitor the mechanical
pressure on the users’ skin (126).

3. Real-time strap pressure sensor to monitor contact
pressure and provide feedback on the amount of pressure
exerted by the user (127).

Postural Control

In this review, the authors recommend the following
strategies in designing exoskeletons for good postural
control and body balance:

1. When developing sit-stand exoskeletons, the line
of gravity of the user’s body falls within the base of
support of the device;

2. Design a larger area of the support base of the
exoskeleton. A foot module that increases the base of
the support area is helpful in increasing postural stability
when wearing a sit-stand exoskeleton (128).

3. A closer gap between the exoskeleton’s support
base and the user’s centre of mass;

4. Previous studies applied McKibben pneumatic
artificial muscles as an actuator for various exoskeleton

applications such as:

a. Glove exoskeleton for finger postural control
(129,130).

b.  Upper limb exoskeleton to augment worker in
overhead tasks (131).

c.  Elbow exoskeleton to assist users in elbow flexion/
extension movement (132).

Metabolic Cost

A lightweight, compact structure and well-designed
actuation system can contribute to minimal metabolic
costs (133). Examples of light and simple exoskeletons
include XoSoft lower-limb exoskeleton (134) and
Achilles ankle exoskeleton. The following design
strategies are useful for achieving lower metabolic costs:
1. A brushless direct current motor-powered leg
exoskeleton reduced the metabolic cost of walking by
8% (135).

2. Integrated frame exoskeleton with actuator,
Bowden cable, inertial measurement unit (IMU), and
force sensor, decreased the metabolic expenditure of
walking by 9.98% (136).

3. A hip exoskeleton improved walking’s metabolic
cost by 13.2% thanks to its lightweight mechanism,
powerful motor, flexible frames, and adaptive control
algorithm (137).

4. A soft pneumatic elbow exoskeleton reduced the
metabolic cost by 32% in carrying load (138).

5.  Bi-articular pneumatic artificial muscles with
spring-powered knee, ankle, and foot exoskeletons
lowered the metabolic expenditure of walking by 13%
(139).

Cognitive Workload
Simple and minimal interface designs are preferred
to realize the intuitive application of the exoskeleton.
Additionally, the following strategies have proven
helpful in minimizing the cognitive workload of users
wearing and working with the exoskeleton:

1. Providing adequate training, time, and resources
(e.g. user manual) (102).

2. Application of depth camera images for
environment recognition and parameterization to
control the lower-limb exoskeletons (140).

3. The use of brain/neural-computer interfaces for
arm exoskeleton (141).

4. Group discussion among users for developing
clear protocols for using the exoskeleton in neurological
rehabilitation (102).

5. Hand exoskeleton with portable brain interface for
hemiplegic patients to help them accomplish daily tasks
(142).

6. Integrating a brain-machine interface system in
the lower-limb exoskeleton for assisting people with
tetraplegia (143).

7. Internet of Things (loT) architecture with Natural
User Interface based on gestures for rehabilitation
programs of the elderly (144).
8. Considering ecological

interface  design to
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display information about the complex constraints and
relationships of the work environment in a style that
makes it possible to directly and easily understand the
information (145).

Task Demands and Workplace Conditions

Besides harmonious interaction with the users, the
usage of exoskeletons should not be causing collisions
in performing tasks or while operating machines or
equipment in the work area. It is advisable to conduct
direct observations and investigations of the tasks and
work areas in which the exoskeletons will be applied so
that their characteristics, demands and constraints can
be considered in the design stage of the exoskeleton.
The following methods and strategies are highly
recommended to prevent collisions:

1. Focusgrouptechnique. Involvementof stakeholders
such as primary users (e.g. industrial workers, patients,
and health care professionals), secondary users (e.g.
caregivers), technicians, and production engineers in
the early stage of the design process of the exoskeleton.
Through this technique, the designers of the exoskeleton
would be able to determine the users’ needs directly
from the individuals who will be using or responsible
for the device. The users’ needs that can be obtained
from the focus group include user comfort, individual
adjustability, independence in taking it on and off, and
gradual adjustment of support (146). Additionally, the
outcomes of the focus group may reveal the relevant
themes for the exoskeleton, such as characteristics of
users, perceived advantages, cultural and environmental
variables, and intervention factors (147).

2. Quality Function Deployment (QFD). The QFD

is a design methodological tool requiring the designers
to perform a survey of needs from the potential
users, and benchmarking of available commercial
exoskeletons. The outcome of QFD analysis enabled
designers to determine design requirements, component
characteristics, fabrication process requirements and
production needs of the exoskeletons (148,149).

3. Provide adequate clearance between the
exoskeleton and the machine/ work process. Adequate
clearance prevents exoskeleton users from getting
stuck, stumbled or entangled while moving around the
workplace. This can be achieved by optimizing and
deploying a proper arrangement of work station and
the entire workplace layout. Recently, Dahmen (150)
developed an objective method called as ExoScore &
ExoMatch, and a Smart Adaptive Exoskeletons to match
the exoskeletons and the workplace conditions.

Table Il summarizes all the identified ergonomics factors
about their roles and effects for achieving harmonious
interaction between the user and task in exoskeleton
applications.

Challenges of Ergonomic Exoskeletons

It is a great challenge for engineers or product designers
to design an exoskeleton compatible with human
kinematics. This is due to the complex flexibility of
human body parts, such as the wrist and shoulder,
particularly their degree of freedom (DOF). Exoskeleton
designers must consider how their devices will be able to
closely mimic the motions of various human body parts
and achieve precise alignment between the exoskeleton
and the user. According to Spositio (151), several factors

Table 11: Summary of ergonomics factors determining working in harmony with exoskeletons

Ergonomics Factors

What Is It?

Why Is It Important?

How To Achieve?

Kinematic compatibility

Contact pressure

Postural control

Metabolic cost

Cognitive workload

Task demands and work-
place conditions

A perfect alignment between the user’s
body parts and the mechanical structures
of the exoskeleton to allow harmonious
motion while using the device.

Physical stress occurs at the contact area
between the user and the exoskeleton.

The motor functions to keep the user in a
stable posture for standing, walking, or lift-
ing objects while wearing the exoskeleton.

Amount of energy consumed by the user
to perform tasks when wearing the exo-
skeleton.

Information processing of user such as so-
matosensation, working memory, and mo-
tor-action selection when users wearing
the exoskeleton.

Industrial tasks (e.g. drilling, screwing, and
lifting objects).

Rehabilitations/ exercises (e.g. gait train-
ing).

Arrangement of workstation and entire
workplace layout.

Kinematic incompatibility causes dis-
rupted body motion, hindered natural
gait, and discomfort. Thus, affecting
user performance.

Prolonged/ high pressure causes re-
stricted blow flow or compressed tissue,
which can lead to bruises.

A poorly designed exoskeleton affects
postural stability and difficult to control
body balance. These may lead to dis-
comfort and low user performance.

Improper design of the exoskeleton
can cause the users to activate greater
muscle effort and consume extra ener-
gy. High probability for muscle fatigue
and strain.

A persistent high cognitive workload
can lead to mental fatigue, frustration
and stress while working with the exo-
skeleton. These issues affect the user
acceptance of the device.

1) To ensure the exoskeleton does not
interfere the task process flow

2) To prevent workplace accidents such
as falling and entanglement.

(1) Degree of freedom of the exoskeleton
and human body parts should be equal.
(2) Adjustability of the exoskeleton’s parts
to match user’s body.

(1) Provides cushioning pad to the exoskel-
eton frame.

(2) Remove sharp corners on the exoskel-
eton.

Shorter distance between the center
of mass of the user and the base of the
exoskeleton.

Should manufacture an exoskeleton with
a lightweight, compact structure, and a
well-designed actuation system.

(1) A simple/ minimal interface design for
usability of the exoskeleton.

(2) Provides training, time, and guide/
manual to users to ease adoption and
familiarization of the exoskeleton.

Performs study on the tasks and the work
areas so that their characteristics, demands
and constraints will be considered in
designing the exoskeleton. It should be
easily detachable when the users are facing
hazards such as snag while doing the tasks.
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can cause kinematic incompatibility, including passive
DOF, compliance in bracing, and ergonomics fitting
problems with the exoskeletons (e.g., passive joints with
a lacking ROM). Human factors engineering, particularly
anthropometry or body dimension, is crucial for the
exoskeleton to fit the user.

Furthermore, the mass and size of the exoskeleton need
a thorough study during the design stage to aim for a
low metabolic cost. A heavy and large exoskeleton
structure is associated with demanding physical effort
and consuming greater energy costs to work together.
In addition, exoskeletons must be designed and used
with care to account for the users’ cognitive workload
to prevent the devices from being overly taxing (104).
A new user of an exoskeleton may struggle to wear
and work with the device if the structural design, user
interface, software applications (Apps), and operating
procedures are too complex. As a result, user interface
design greatly influences how users engage with
exoskeletons.

Future Directions and Research Opportunities
Exoskeletons are developing as with many other
technologies of assistive devices, thanks to the use of
artificial intelligence (Al) methodologies, which will
arguably have a greater impact on user experience.
Almost all active exoskeletons on the market today can
actuate joints and stimulate force to muscles; however,
they lack the intelligence to function independently.
Therefore, many technical improvements still need to
be made to the control systems of the exoskeletons,
particularly in the Al techniques such as kinematic/
motion compatibility and cognitive workload, as some
devices still fall short of these requirements.

In the control system of an exoskeleton, algorithms
operate behind the interface of the device. One of the
algorithms is artificial neural networks (ANN). The ANN,
consisting of three layers (input, hidden, and output),
is now extensively utilised to regulate kinematics.
However, the lengthy execution times required to
achieve smooth motion open new research directions.
Deep learning techniques with more than three layers can
also enhance motion performance. For the development
of autonomous control systems for exoskeletons,
integrating deep learning techniques and state-of-the-art
sensors such as inertial measurement units is useful for
identifying and assessing human activity and payload
(152). The Al-based autonomous control systems may
benefit the exoskeleton users when exploiting signals
from muscle activity (electromyography, EMG) and
neural activity from the brain (electroencephalography,
or EEG). Thanks to the Internet of Things (loT), the
transmission and processing of EMG and EEG signals
have become more efficient for generating appropriate
instructions for the autonomous exoskeletons (153).

The success of the application and implementation of

exoskeletons in the community and industry is highly
dependent on the harmonious interaction between the
users and the exoskeletons. The harmonious interaction
is strongly influenced by physical ergonomics related
to kinematic compatibility, contact pressure, postural
control, and metabolic cost. In addition, cognitive
ergonomics attributes such as aesthetics and perceived
enjoyment when wearing and working with the
exoskeleton are comparable in enhancing the user
experience. It is necessary to conduct more research,
especially on algorithm awareness (57) in order to
develop personalised algorithms for autonomous
exoskeletons that will improve the user experience.
Algorithmic experience (AX) may improve the user’s
interaction with the personalised algorithms in adopting
exoskeleton technology. In the context of algorithm
ecology, AX can affect how users perceive algorithmic
systems, providing helpful insights into creating human-
centered algorithm systems (154). In addition, it will
be helpful to have an assessment tool that assesses
physical and cognitive ergonomics factors to produce
exoskeletons that meet user experience requirements
(73).

CONCLUSION

The authors have provided and discussed the ergonomics
factors in this work, potentially enabling the users to
work in harmony with the exoskeletons in different
applications. The authors searched the published journal
articles and conference proceedings from the Web of
Science, Scopus, and Google Scholar databases by
considering the publishing date from the year 2015 to the
present. It was noted that applications of exoskeletons in
many sectors, such as manufacturing and construction
industries, healthcare and rehabilitation centers, and the
military, have shown promising results in augmenting
users’ physical strength. The authors concluded that
kinematic compatibility, contact pressure, postural
control, metabolic cost, cognitive workload, as well
as task demands and workplace conditions are the
ergonomics factors determining working in harmony
with the exoskeletons.

The synchronous operation of the mechanical
components of the exoskeleton and the user’s body parts
is one of the fundamental prerequisites for kinematic
compatibility. The mechanical force exerted on the
user’s body parts during exoskeleton use generates
contact pressure. This contact pressure can have adverse
effects, including discomfort and potential damage to the
skin and soft tissues. These negative outcomes can result
in reduced user satisfaction and may impact the user’s
acceptance of using the exoskeleton. An exoskeleton
user needs adequate postural control to keep his or her
body in stable positions whether standing, walking,
or lifting objects while wearing the exoskeleton. In
order to ensure the user’s stability while using the
exoskeleton, the main structure and components of
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the exoskeleton should be designed properly so as not
to interfere with postural control. Exoskeletons can be
useful in supporting physical demands, particularly
when it comes to metabolic cost and muscle activation
for manual material handling tasks. In order to prevent
the exoskeleton from impairing mental function, users’
cognitive workload while wearing the technology must
be carefully assessed. Finally, there should be free from
incompatibility issues between the user’s exoskeleton
and personal protection equipment, such as safety
gloves, boots, body harnesses, and safety jackets.

This review acknowledges certain limitations. The
authors only included journal articles published in
the English language, which may have resulted in the
exclusion of relevant information or studies published
in other languages. As a result, there is a possibility
that important findings or research might have been
overlooked and not included in this review. It is
important to consider this limitation and recognize the
potential for additional insights from studies conducted
in other languages.
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