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ABSTRACT The prevalence of work-related musculoskeletal disorders is a common issue in many
occupations involving manual handling activities. In order to aid manual workers in reducing the burden
on the musculoskeletal system, various wearable robotic technologies have been developed over the years.
An increase in research work on wearable technologies has been observed, particularly in the last decade.
In that context, this article presents a comprehensive review and a bibliometric analysis of the recorded
occupational exoskeletons for manual handling since 2010. The review is aimed at identifying the paradigm
shifts of research in the recent past and associating the trends pertaining to the applications, mechanisms,
and control systems in the development of wearable devices for manual handling. The scope of the review
limits itself to active and passive exoskeletons designed to support the upper extremity, lower extremity,
and spine for performing load lifting, load carrying, or static holding. The analysis of the results revealed
the emerging trends with the aim of providing researchers with areas for improvement and suggestions for
different clusters of devices.

INDEX TERMS Design and control, human-centered and life-like robotics, human performance
augmentation, mechanics.

I. INTRODUCTION
According to World Health Organization (WHO), mus-
culoskeletal disorders (MSDs) relate to the health issues
in locomotor elements such as the skeleton, muscles,
tendons, cartilage, nerves, and ligaments [1]. Although there
are several risk factors contributing to these conditions,
it has been clear from early research that the work-related
component plays an important role in the incidence of
MSDs. Many researchers agree that heavy workload and high
repetitiveness of work in industrial settings cause or intensify
the symptoms of MSDs; thus such MSDs are termed ‘‘work-
related musculoskeletal disorders’’ (WMSDs) [2]. Although
some of these conditions come from preventable causes, such
as erroneous postures and ergonomically incorrect working
conditions, some causes, such as repetitive exposure to heavy
load manipulations, are not preventable with no external aid.
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The most commonly occurring MSD of load manipulations
is low back pain [1], of which 47.5% has resulted from
environmental/occupational factors according to 2017 statis-
tics of Global Burden of Health [3]. This highlights the
requirement of prevention methods for WMSDs related to
load manipulation.

WMSDs are not limited to industrial environments. In fact,
the causal link betweenWMSDs related to load manipulation
and occupations such as military and healthcare personnel
(nurses, caregivers, etc.) has been a topic of discussion for
a few decades. The technological advancement in modern
warfare has resulted in heavier backpacks for soldiers,
demanding load-carrying capacities of around 200 kg, thus
increasing the risks of MSDs [4]. In healthcare services,
the incidence of MSDs in nurses is over 40%, particularly
resulting from lifting and moving patients [5]. As such, ‘load
handling’ plays an important role in WMSDs.

Since load manipulation in an occupational context has
proved to be a leading risk factor for WMSDs [6], and
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such WMSDs result in a higher economic burden in terms
of treating the conditions, employee compensations, lost
employee hours, and lost productivity of the work [7],
researches had looked into external aids that can be used to
prevent heavy physiological and psychological implications.
It was required for such aids to not hinder any regular
movements of the workers as well. As a solution, wearable
devices that can augment human capabilities thus reducing
the burden on the muscles were introduced.

One of the earliest recorded attempts at designing wearable
devices or exoskeletons for power augmentation was in the
19th century, when a design of a passive device to augment
walking, running, and jumping was patented despite having
no record of the device implementation [8]. 70 years later,
the issues in designing a power augmenting device for
load-carrying applications were analyzed and a technical
report was published with a proposal for the device by a
researcher from the US Army Exterior Ballistics Laboratory.
Unfortunately, this proposal was unsuccessful in securing
funding, thus halting the project [13].
Officially, the first steps towards developing externally

powered exoskeletons for power augmentation were taken by
General Electric Company, through the ‘Hardiman’ project
sponsored by the Office of Naval Research and US Army
in the late 1960’s [14]. Based on a control system with
kinesthetic force feedback, this device was designed as a
full-body exoskeleton for lifting and handling heavy loads up
to 680 kg, with a strength enhancing factor of 25:1. Albeit
the pioneering work, the ‘Hardiman’ project never moved
past the prototype stage owing to several factors such as its
high weight, unstable control, and funding restrictions [15].
Contemporarily, the research done in former Yugoslavia
on powered assistive exoskeletons for people with physical
challenges came into the spotlight with the development of
the first powered assistive exoskeleton, ‘Kinematic Walker’
and later, ‘Active Suit’ [9], [16]. This shifted the focus of
the field towards assistive robotics for physically challenged
people, delaying the research output on power augmentation
exoskeletons until the mid-1980s. Meanwhile, based on the
work of ‘Hardiman’ project and another concept called
‘Pitman’ [17], a concept paper describing a powered full-
body exoskeleton, ‘Man-Amplifier’, was published in the
USA [8], [18].
At this time, Kazerooni re-initiated research on power-

augmenting exoskeletons for handling heavy loads. This
research led to one of the first research publications on
powered upper limb exoskeletons for enhancing the power
exerted by the wearer [11]. Known as the ‘Extenders’, these
exoskeletons were based on the transfer of power and the
information signals between the wearer and the device,
so that the person can manipulate heavy objects while getting
feedback on the magnitude of the force exerted [10]. This
was the first step in a series of research conducted by the
University of California, Berkley, on the development of
Berkley Lower Extremity Exoskeleton, ‘BLEEX’ [19].

‘BLEEX’ was claimed to be the first ‘‘load-bearing and
energetically autonomous’’ exoskeleton, and was designed
with seven degrees of freedom (DOF), three at the hip and
ankle separately, and one at the knee. With the ability to carry
loads up to 34 kg, this device was specifically designed to
keep the agility of the wearer intact and unrestricted [11].
‘BLEEX’ was funded by the program, Exoskeletons for
Human Performance Augmentation (EHPA) by the U.S.
Defense Advanced Research Projects Agency (DARPA)
initiated in 2001 [20]. DARPA also sponsored two other
contemporary projects, ‘Sarcos Exoskeleton’ and ‘MIT
Exoskeleton’, the first being a full-body ‘Wearable Ener-
getically Autonomous Robot (WEAR)’ which can lift up
to 84 kg [8] and the latter being a quasi-passive lower-
limb exoskeleton for load-carrying augmentation which can
transfer about 80% of the load to the ground with a payload
of 36 kg [21].
Meanwhile, Japanese research on the topic was also

advancing. The first commercially available exoskeleton,
‘HAL-5’, was introduced in 2005. This resulted from
10 years’ worth of effort on the project, ‘Hybrid Assistive
Limb (HAL)’, which was initially designed to assist people
with degenerated muscles [20]. However, the commercial
product was advertised as a multipurpose device which can
be used for medical applications, heavy work support, rescue
support, and entertainment [12]. It is also noteworthy to
include research done by the Kanagawa Institute of Tech-
nology for introducing exoskeletons in different application
area. Their device, ‘Power Assist Suit’, was designed to assist
nurses and caregivers when handling and supporting patients,
to avoid back injuries [22]. They claimed that this device can
support a patient of 85 kg, without enforcing a burden on the
wearer [20].
The important milestones of the exoskeletons through time

are shown in Fig. 1. Inspired by many early designs discussed
above, the research on power-augmenting exoskeletons has
progressed more with the improvements to the comple-
menting technologies. In the literature, numerous reviews
assessing those devices can be identified since 2005 [23],
[24], [25], [26].

A surge of interest in the development of manual handling
exoskeletons can be seen in the last decade [27]. More
recent reviews of manual handling exoskeletons have shown
a focused approach, where the scope has been restricted by
either the type of exoskeleton, location of support, or the
application domain. Numerous reviews on lower-extremity
exoskeletons have been published during the last decade
focusing on different aspects such as design, control,
actuation, and performance validation methodologies [28],
[29], [30], [31]. Similarly, upper-extremity and back support
exoskeletons have also been reviewed separately in different
review articles [32], [33], [34], [35], [36]. A few reviews
focusing on individual joints can also be found in the
literature [37], [38]. When considering the application-
focused approaches, the reviews on industrial exoskeletons
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FIGURE 1. Important milestones in the research of exoskeletons: (a) First recorded orthosis [8], (b) First prototyped power augmenting exoskeleton [8],
(c) First rehabilitation exoskeleton [9], (d) Human Extender [10], (e) First load bearing and energetically autonomous exoskeleton [11] (f) First commercial
multipurpose exoskeleton [12].

and military exoskeletons take a prominent place in the
literature [27], [39], [40], [41].
However, analyzing manual handling exoskeletons in

separate domains can limit the ability to obtain an overall
view of the research field. The different domains might have
novel technologies and methodologies that are valid and
relevant for other domains as well. Therefore, to provide a
complete image of the field of manual handling exoskeletons,
a more holistic approach is required.

Furthermore, a very limited number of bibliometric
analyses have been performed on occupational exoskeletons.
These analyses have limited scope such as either focused
on a specific body part [42], or only on robotic exoskele-
tons [43]. A large number of research works on manual
handling exoskeletons have been published in the last decade.
A bibliometric analysis is required to analyze the trends
in the shift of research focus of such a large volume of
data [44]. However, according to the literature survey, the
authors have not identified any bibliometric analysis that
has been carried out on the manual handling exoskeletons
collectively.

Identifying these requirements, in this article, the authors
have analyzed the design and control of manual handling
exoskeletons in a broader scope, focusing on both the review
and the bibliometric analysis aspects.

This paper is structured as follows. In the next section,
an overview of manual handling is presented which includes
anatomy and biomechanics behind load lifting, carrying,
and holding along with the related standards for manual
handling. This is followed by methodology for literature
search and classification of literature. Then the resulting
review is presented in the following section which discusses
the selected exoskeletons in the aspects of the application,
the body part of interest, mechanical design, powering
mechanisms, and control. Next, bibliometric analysis is
presented from the screened literature. The final section

presents the challenges, trends, and future directions for
manual handling exoskeletons.

II. MANUAL HANDLING: ANATOMY, BIOMECHANICS,
AND STANDARDS
Since the focus of wearable devices for power augmentation
is to reduce the burden on humans while exerting high forces
and torques, it is crucial to understand how the forces and
torques are generated by the muscles. Therefore, studying
the biomechanics of load handling is a very important step
in developing such devices. However, before discussing the
biomechanics of movements, one should familiarise with the
commonly used terminology in the field.

Anatomical or cardinal planes are a set of hypothetical
planes used to divide the body in three dimensions to describe
the location and the direction of its movements. These planes
are named as frontal plane (also known as the coronal plane),
sagittal plane and transverse plane. The frontal plane, which is
also known as the coronal plane, separates the body vertically
into anterior (front) and posterior (back) halves. The sagittal
plane splits the body vertically into left and right halves.
The transverse plane divides the body into superior (top) and
inferior (bottom) halves [45]. The graphical representation
of the cardinal planes on three-dimensional space is given in
Fig.2(a).

Pertaining to the joint movements and their axes, three
basic pairs of terms are defined. Those terms are abduc-
tion/adduction (AB/AD), flexion/extension (FL/EX) and
internal/external rotation (IR/ER). The joint movements
happening in the frontal plane except for the case of the wrist
joint are known as AB and AD where AB is the motion
of the limb segments away from the midline of the body,
while AD is the motion towards. The similar kinds of motions
occurring in the wrist joint when a person is in the anatomical
position are termed ulnar deviation and radial deviation
respectively [33]. FL and EX are the terms that are used to
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FIGURE 2. (a) Anatomical reference planes of human body, (b) left lateral
view of major regions of the spine.

identify the movements happening in the sagittal plane with
the exception of the foot motion. FL is the movement of
a body segment moving away from its natural anatomical
position, and the opposite is referred to as EX. There is
an additional term called hyperextension which describes
the motion of the limb segment in the opposite direction
of the FL. Foot motion in the sagittal plane deviates from
this terminology by identifying the motion along the sagittal
plane which moves the toe upwards as dorsiflexion and the
motion in the opposite direction as plantarflexion. The limb
movements occurring in the transverse plane (around the
longitudinal axis) are termed IR or medial rotations when
the limb movements happen towards the midline of the body
and ER or lateral rotations when the rotation of the limb
is away from the midline of the body. However, due to the
complexity of some joints, their motions are not restricted to
one of the cardinal planes. For example, the joints such as the
talocrural joint of the ankle generate motions around an axis
diagonal to the cardinal planes, thusmaking different motions
than those described above. However, for ease of reference,
the motions of the foot at the frontal plane are termed as
inversion/eversion (IN/EV) and the motions parallel to the
transverse plane are termed as IR/ER [45].

In load-handling activities, three body regions are mainly
involved. Those regions are upper extremity, lower extremity
and spine. In the upper extremity, the shoulder joint has
mainly three DOFs over the three cardinal planes, and the
elbow complex which includes the elbow joint and radioulnar
joints has two DOFs. The wrist joint has two key DOFs,
FL/EX and ulnar/radial deviation (UD/RD) [33]. In the
lower extremity, the hip joint supports three DOFs over the
cardinal planes and the knee joint has one DOF, FL/EX.
Ankle also supports three DOFs over the three cardinal
planes whosemotions are described above. The spine consists
of 33 vertebrae categorized into five regions out of which

FIGURE 3. Highly activated muscles during lifting task: (a) front view,
(b) back view.

cervical, thoracic and lumbar regions are responsible for
movements in the spine. Those regions are represented in
Fig.2(b). Two adjacent vertebrae and the intervertebral disk
between them are defined as a motion segment which is
considered to possess six DOF due to the translational and
rotational motions about the three cardinal planes. Although
the motion generated in one motion segment is considerably
small, the collective motion of a number of segments is
responsible for various spinal movements. As a whole, the
spine can generate rotational movements in all three cardinal
planes and thus has three DOFs [45].

Since this review focuses on load-handling wearable
devices, it is important to discuss the biomechanics involved
in load lifting, load carrying, and static holding of loads.

A. LOAD LIFTING
Load lifting is one of the most frequently used manual
material handling activities. There are three main techniques
that are commonly used in load lifting; squat lifting, stoop
lifting and semi-squat lifting [46]. These three techniques are
described in terms of biomechanics of the spine and knee
while lifting a load which is placed at the ground level. Squat
lifting involves higher knee FL (up to 117◦) [47] and erect
spine posture. This is the most advised technique for load
lifting due to the lower burden on the postural muscles of the
spine. However, due to the high energy cost and rapid fatigue
development in squat lifting compared to the stoop lifting
technique, the latter is also used in load lifting [48]. In the
stoop lifting technique, the knee is kept at a nearly extended
position while the trunk undergoes high FL (about 90◦) [46].
Semi-squat lifting is a combination of both techniques where
both knee and spine are moderately flexed when starting the
lifting operation.

Rectus abdominis and lumbar erector spinae are the trunk
muscles that are activated when lifting a load from the ground
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level, irrespective of the technique. Activation of the lower
extremity muscles varies depending on the lifting technique.
Biceps femoris and rectus femoris show higher variances
of activation during squat lifting, while tibialis anterior,
medial gastrocnemius, and biceps femoris are activated with
high variances in stoop lifting [49]. There are numerous
upper extremity muscles that are activated during a load-
lifting task. However, the muscles which show more than
50% of maximum voluntary contractions (MVC) are upper
trapezius, infraspinatus, anterior deltoid, medial deltoid,
middle trapezius superior and pectoralis major superior in
the descending order of MVC. Biceps brachii, the muscle
which is majorly responsible for elbow flexion, only shows
a muscle activation of 30-50% of MVC, highlighting that
the shoulder plays a more important role in the load-lifting
tasks than the elbow [50]. The muscles which have a higher
activation during the lifting task are shown in Fig. 3.

Since lower back pain is a commonly occurring condition
of WMSDs, and the highest loading on the spine occurs due
to handling of external loads such as lifting and carrying
objects, it is important to investigate spinal loading during
lifting tasks [47]. In general, several factors affect the loading
conditions of the spine.

• The position of the object relative to the center of motion
in the spine

• Initial and ending heights of the object
• The size, shape, weight, and density of the object
• The rate of loading
• The degree of flexion or rotation of the spine
Various studies have been carried out to investigate the

limitations of static loading on the spine. The maximum
compression forces that the vertebral column can withstand
without failure, ranges from 5,000 N to 8,000 N. A bending
moment of 620 Nm and a shear moment of 156 Nm has
been identified as the maximum static moments before
failure by one study. The same study has revealed that the
maximum spine FL before failure is 20◦ with 9mmhorizontal
displacement between two vertebrae. However, these values
are highly dependent on the person’s age, bone strength and
the degree of disc degeneration [47].

Although a significant difference has not been revealed
in shear and compression forces on the spine generated by
stoop and squat lifting techniques, the likelihood of loss
of balance in squat lifting is prominent, thus may incur
additional stresses on the spine. However, stoop lifting shows
a significant increase in intradiscal pressure, when compared
with squat lifting [47].

B. STATIC HOLDING
Skeletal muscles have the ability to perform both dynamic
and static work. Dynamic work is achieved when the muscle
undergoes isokinetic contraction in which the muscle acti-
vation changes the muscle length, thus generating a motion
such as lifting, ultimately performing mechanical work.
In the case of static work, the muscle undergoes isometric
contraction in which the muscle length is kept constant while

applying a force without generating a motion [47]. Isometric
contractions are responsible for maintaining the posture of
the body. Therefore, in static holding of loads, the muscles
undergo isometric contractions to hold the load in place.

The biomechanics behind the static holding of loads
significantly depend on numerous factors which have been
investigated through a number of studies [51], [52], [53], [54],
[55]. These factors can be listed as human-related factors
(age, gender, strength and endurance capacity), object-related
factors (shape, size and weight of the object) and task-related
factors (posture, holding height, offset from the body,
duration, frequency, method of holding and symmetricity of
load position).

Both upper body and lower body postures play an
important role in the biomechanics of static holding. It has
been realized that the lower body posture has a significant
effect on the stability of the load-holding task [54]. A study
performed on the endurance time while holding a load in
different postures revealed that muscle fatigue is quicker
when holding a load below the hip level with the knee
flexed such as squatting, when compared with holding the
load above the hip level such as standing [55]. The muscle
activities in the trunk muscles are observed to be higher
in the knee-flexed postures [53]. However, when handling
the loads below the hip level with standing postures (knee-
straight/trunk-bent), the endurance time improves with lower
holding heights [55].

Many studies about static holding of loads focus on the
muscle activities of upper limb and trunk muscles. Out of
the trunk muscles, the muscle activities of latissimus dorsi,
external obliques, rectus abdominis and erector spinae are
commonly investigated while biceps brachii and brachioradi-
alis are studied for themuscle activities in the upper limb [51],
[52], [53].

C. LOAD CARRYING
Load carrying can be considered as a combination of static
holding and walking. Therefore, while upper body muscles
undergo isometric contractions, the lower body muscles
must undergo isokinetic contractions to achieve the walking
movement. Load-carrying tasks can be categorized into two
modes as anterior load carriage and posterior load carriage,
depending on whether the load is positioned in front of
the body or behind the body, i.e., anteriorly or posteriorly.
Anterior load carriage involves holding the load by hands,
while posterior load carriage involves carrying the external
load in a backpack-like arrangement.

In anterior load carriage, the biomechanics of the upper
body remain similar to that of static holding. However, the
posterior load carriage shows deviations from this. It has
been revealed that energy efficiency when carrying the loads
on the back of the torso is higher than carrying the loads
in hands [56]. A significant leaning of the trunk is also
observable with posterior load carriage since it moves the
load center-of-mass closer to the line of action of the ground
reaction force at the foot [56].
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Load carriage also imposes changes on the gait biome-
chanics in the lower body. Maintaining stability is a key
aspect of loaded gait, which is fulfilled by increasing the
time duration in which the body is supported by both legs
(double support) and by maintaining short, faster steps during
walking [56], [57]. Studies done on joint moments reveal that
the sensitivity of the knee joint to external loads is higher than
other lower extremity joints. In loaded conditions, the stresses
on the knee joint could rise as twice as that of the unloaded
condition, depending on the magnitude of the load. The most
prominent interaction of the knee joint under loads can be
identified during the earlier stage of the stance phase, while
the contribution of hip and ankle muscles is prominent in the
push-off phase of the gait [56].

D. STANDARDS
ISO11228 presents an ergonomic approach to reduce or
eliminate the risk of manual handling injuries from lifting,
lowering, and carrying loads [58]. It specifies the rec-
ommended limits during manual handling and provides a
systematic method for risk assessment. The four stages of risk
assessment include peril recognition, hazard identification,
risk estimation, and risk evaluation. Here, a stepmodel is used
to determine whether the conditions of lifting and/or carrying
are acceptable.

In step 1, a procedure to estimate the recommended limit
for the mass or load handled by the worker is presented.
The reference mass for lifting has been specified based
on the different populations. In the case of occupational/
professional use, for lowering the risk of injury of up to 95%
of the working population (male and female), the maximum
limit for object mass is 23 kg.

In order to screen for repetitive tasks under step 2, the
object mass needs to be determined in combination with
lifting frequency. Here, the recommended limit for lifting
frequency under ideal conditions is determined based on the
object mass and of the total duration of lifts per day. As an
example, for short-duration work (where the total duration of
lifts does not exceed one hour per day), when lifting objects
weighing up to 7 kg, the maximum recommended lifting
frequency is 15 lifts/minute.

Step 3 should be used for the repetitive lifting tasks that
include non-ideal working postures and object positioning.
The recommended lifting limits for object mass are derived
from an empirical model based on several assumptions, such
as two-handed smooth lifting with the firm support of feet on
the ground, the width of object 0.75 m or less, good coupling/
gripping with unrestricted lifting posture, favourable environ-
mental conditions. The equation for determining the limit for
the object mass (m) is given below.

m ≤ mref × hM × vM × dM × αM × fM × cM (1)

wheremref is the reference mass for the population group, hM
is the horizontal distancemultiplier, vM is the vertical location
multiplier, dM is the vertical-displacement multiplier, αM is
the asymmetry multiplier, fM is frequency multiplier, and

TABLE 1. Search terms used for literature search.

cM is coupling multiplier. The multipliers were estimated by
considering the biomechanical, psychophysical, and phys-
iological criteria. Interested readers may refer to standard
documentation for additional information [59].

Step 4 describes the approach for screening the recom-
mended limit for cumulative mass per day. The cumulative
mass handled can be calculated as a product of object mass
and frequency of lifting/ carrying. Since maximum reference
mass and task frequency are 25 kg and 15 lifts/minute
respectively, the recommended limit for cumulative mass
is 10,000 kg per eight-hour duration of a day. However,
for longer carrying distances (> 20 m) the limit should be
reduced to 6,000 kg.

III. REVIEW METHOD
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement was used as the basis for the
study [60], [61]. Initially, several articles related to wearable
devices for load handling were screened from preliminary
literature searches in the SCOPUS database and from Google
Scholar. Following the preliminary searches, the title and
abstract were examined to identify search terms for the
literature search. A list of search terms was compiled using
several iterations of the abovemethod. Identified search terms
and their synonyms were grouped into four clusters of action
of the device (Action), the possible name for the device
(Device), end result of using the device (Outcome) and the
location of the human body which is supported by the device
(Location) as presented in Table 1.

A. ELIGIBILITY CRITERIA, INFORMATION SOURCES AND
LITERATURE SEARCH
Using the search terms, following search query was obtained
in conjunction with boolean operators and search locations
in between search terms: TITLE-ABS (exoskeleton OR
*suit OR weara* OR ortho* OR robot* OR garment OR
device) AND TITLE-ABS (lift* OR squat* OR stoop*
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FIGURE 4. PRISMA flow diagram.

OR carry* OR handl* OR hold* OR bear* OR bend*
OR walk* OR locomot* OR carriage) AND TITLE-ABS
(augment* OR assist* OR support* OR transfer* OR reduce
OR aid OR enhanc*) AND TITLE-ABS (pelvis OR limb
OR *body OR *arm OR shoulder OR back OR spine* OR
spinal OR torso OR lumbar OR hip* OR trunk OR waist
OR knee OR extremity OR muscle). The search query was
applied to the SCOPUS database and the search was limited
to years from 2010 to 2022. The final search was done
on July 03, 2023. The search query resulted in a total of
17,645 publications. The resulting data set was examined for
co-occurrence of keywords and correlation among keywords.
Keywords that are irrelevant to the study were identified and
publications related to irrelevant keywords were excluded
while updating the search query. The above process resulted
in a total of 2,900 publications whichwere used for screening.

B. LITERATURE SELECTION AND CLASSIFICATION
Next, all the publications were screened using titles and
abstracts. Literature on rehabilitative devices was excluded
from the data set. Furthermore, literature containing assistive
devices for rehabilitation, which is not explicitly designed
for augmentation of load-carrying capability was excluded
from the data set. Moreover, aids which do not resemble the
loose definition of a robot such as backpack-like supports and
posture correction belts were also excluded. Furthermore, the
devices which only support body weight and the occupational

exoskeletons which are developed to assist walking rather
thanmanual handling work have also been excluded from this
scoping review. This resulted in the removal of 2,552 records.
The remaining 348 papers were first clustered according to
the individual device. Thereafter, the following information
was extracted from the literature to aid in further analysis.

• Body part of interest: Type (full body/ upper extremity/
lower extremity/ axial), Location of assistance (wrist/
elbow/ shoulder/ trunk/ hip/ knee/ ankle/ foot)

• Application (industry/ military/ consumer/ medical),
Type of work (lifting/ carrying/ static holding)

• Information related to mechanical design: Mechani-
cal structure (anthropomorphic/ non-anthropomorphic/
quasi-anthropomorphic), Material (rigid/ soft/ semi-
rigid), Number of active DOFs, Number of passive
DOFs

• Information related to powering mechanism: Principle
of drive (active/ passive/ quasi-passive/ hybrid), Actu-
ator (electric motors/ pneumatic actuators/ hydraulic
actuators/ pneumatic muscle/ shape memory alloy/
series elastic actuators/ parallel elastic actuators), Power
transmission method (direct drive/ cable-driven/ gear-
driven/ linkage/ belt drive)

• Information related to control method: Control strategy
(physical human-robot interaction/ cognitive human-
robot interaction), Main control input (position/ motion/
force/ torque/ pressure/ muscle activity/ brain activity)

Classification of devices according to anthropomorphism
has been adapted from previous literature [62]. Devices
whose rotation axis of the joints is aligned with the human
joints are classified as anthropomorphic, while devices which
allow similar motions to humans without joint axis alignment
are categorised as quasi-anthropomorphic. Devices which are
not alignedwith human joints and do not have similarmotions
are categorised under non-anthropomorphic devices.

IV. REVIEW
The results of the classification described in the previous
section are presented in Table 2. These results are analyzed
based on the application, body parts of interest, mechanical
design, powering mechanism, control method, and methods
of performance evaluation in the sub-sections that follow.

A. APPLICATION
This paper limits its scope to the power augmentation
exoskeletons developed for non-disabledworkers.Within this
boundary, the analysis has identified several industries where
these exoskeletons are consumable. Mostly, power augmen-
tation devices are being used in industrial environments such
as construction, manufacturing and logistics [63], [64], [65],
[66]. These devices are also used in medical services such as
care-taking where the weight of the patient has to be handled
manually [67], [68]. Moreover, exoskeleton devices have
been very popular in military use in the context of assisting
soldiers to handle large weights on unfavourable terrains [69],
[70], [71], [72].
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FIGURE 5. Assisting location upset plot - Relationship between the number of devices and assisting location of the exoskeleton: wrist, elbow, shoulder,
trunk, hip, knee, ankle and foot. (The grouping matrix in the upset plot illustrates the intersections between each set using dots and connected lines. The
rows in the matrix correspond to the sets, while the columns correspond to the exclusive intersections or aggregates. The vertical bars on top show the
size of each intersection while the horizontal bars show the number of devices in each set.)

Overall, in most of these applications, employees have
to deal with three types of work: lifting, carrying, and
static holding. Figure 6 represents the statistics of devices
which were designed for these three manual handling
activities. Among many industrial environments, physical
work involved in logistics mostly demands lifting and
carrying activities. Here, the lifting tasks were identified
using both stoop lifting and squat lifting methods. During
the last seven years an exoskeleton named ‘‘RoboMate’’ was
frequently involved in assisting the stoop lifting tasks [73],
[74], [75], [76]. On the other hand, ‘‘XoR2’’ has been
identified as an exoskeleton device that supports both squat
lifting and load carrying in industrial environments [77].
In the manufacturing industries, especially in assembling
and welding tasks, workers have to hold the loads either
above the shoulder height, or below the waist in a
bent posture. Exoskeleton devices such as ‘‘PAEXO’’ and
‘‘WSAD’’ have been developed to assist workers in these
static postures [78], [79]. However, it is to be noted
that the posture assistance devices that support only the
bodyweight are not considered in this analysis [80]. In the
majority of the military-based research attempts, soldiers
were assisted by exoskeletons such as ‘‘K-SRD’’ in load
carrying during their missions [81]. However, exoskeletons
developed for combat and defence purposes were hardly
noticed in the literature due to the confidentiality of military
technologies.

B. BODY PARTS OF INTEREST
When studying the development of exoskeleton devices for
manual handling activities during the past 12 years, it is
evident that the anatomical segments and joints they assist
correlate with manual handling tasks. Overall, the devices
found in literature can be classified into three categories
according to the regions of the body they support during
manual handling. Thus, the devices can be classified as upper
extremity, trunk (i.e. hip and back), and lower extremity.
However, according to the analyses of power augmentation
exoskeletons in the last 12 years, the most attention has been
paid to assisting lower extremity parts, while second place
is given to trunk assistance. Figure 5 shows the division of
these devices according to the location of assistance and its
connectivity.

Figure 6 shows the relationship between the number of
devices and type of work which are lifting, carrying and static
holding. From a biomechanical point of view, it is observed
that the contribution of lower-extremity exoskeletons is
primarily focused on load-lifting and load-carrying activities
as shown in Fig. 6. In the case of static holding activities,
the most significant work is done by the upper body.
Thus, the lower-body exoskeletons which are developed for
static holding activities are rarely noticed. The majority of
hip and back-support exoskeletons have been developed to
support load-lifting tasks during manual handling. These
devices primarily focus on stoop lifting, due to the excessive
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FIGURE 6. Type of work upset plot - Relationship between the number of
devices and type of work: lifting, carrying and static holding supported by
the exoskeleton.

burden on the postural muscles of the spine during stoop
lifting.

As mentioned in section II of this article, the knee
joint undergoes high stresses during load-carrying activities.
Therefore, most of the devices that have been developed
for load-carrying applications are designed either for the
complete lower-extremity region or for the knee joint itself.
However, in a few research attempts, the reduction of the
burden on the trunk is also considered. When it comes to
carrying, the task itself shows two basic patterns. Posterior
load carriage is commonly supported with lower extremity
exoskeleton [82] while anterior load carriage is assisted
with upper extremity exoskeletons [83]. In anterior load
carriage, the upper body biomechanics are for the most part
similar to that of the static holding. Hence for this purpose,
some upper extremity devices have been integrated with
lower extremity devices to support load-carrying tasks. For
example, [84] have developed full-body exoskeletons for this
purpose.

Squat lifting is considered the best method to lift up
an object from the ground level. In squat lifting, the knee
joint gets a huge burden as same as carrying. Therefore,
in literature, a cluster of lower extremity exoskeleton devices
can be found that is developed for squat lifting [77],
[85], [86], [87], [88], [89]. However, when it comes to
the industry, there are instances that the workers cannot
avoid stoop lifting during their work routine. Hence, a vast
number of trunk-assisting exoskeletons has emerged and their
effectiveness has been extensively analyzed for the stoop
lifting tasks [65], [73], [90], [91], [92]. In the stoop lifting
a huge load is acting on the hip joints and lumbar spine.

To unburden the trunk, assist devices have been developed
to provide additional torque when lifting up the trunk.
However, occasionally, in some research, trunk assistance
has been noticed even for the load carrying and load holding
tasks [65], [90].
The exoskeletons on upper limbs are mostly developed for

lifting up a load or keeping a load in a static position. Mostly
the upper body devices for lifting and holding while carrying
emerge in full-body exoskeletons so that the excessive weight
can be grounded. Furthermore, these devices pay enhanced
attention to the elbow joint. Static holding assistance
during holding heavy objects above shoulder level, on the
other hand, will be mostly dealt with using stand-alone
upper body devices that focus on releasing the shoulder
joint [78], [93].

C. MECHANICAL DESIGN
Power augmentation exoskeletons essentially exhibit creative
structural implementations and actuation methods. The
purpose of these implementations is to provide external
power to the anatomical components or introduce additional
artificial components to guide the force flow. Based on
their structure, all the power augmentation devices can be
divided into two categories as flexible and rigid. The rigid
exoskeletons will comprise rigid links and rigid joints as
their structural components. These links will guide the force
flow to the ground bypassing wearers’ anatomical parts.
Furthermore, they transfer the supporting forces exerted
by external actuators to the body parts. On the other
hand, flexible exoskeletons comprise of flexible or elastic
components providing comparatively higher freedom for the
motions. These devices are also known as ‘‘Exo-Suites’’ [94],
[95], [96].

As per the analysis, it is evident that the most frequently
encountered type of exoskeletons are of rigid structures.
However, in all three categories (upper extremity, lower
extremity, and trunk), flexible exoskeletons have started
emerging frequently in the second half of the last decade.
Trunk exoskeletons have a comparatively large number of
flexible exoskeletons while the upper and lower extremity
devices occasionally employ flexible structures for their
support.

Nevertheless, when analysing the nature of the mechanical
structures for power augmentation exoskeletons, it was
identified that all the rigid structures can also be classi-
fied as anthropomorphic, quasi-anthropomorphic, and non-
anthropomorphic, based on their design.

In this review, the anthropomorphic type is defined
so that the rotation axis of the exoskeleton joint is in
alignment with the rotation axis of the human joint while
the links in the structure are parallel with the anatomical
limb segments. Anthropomorphic mechanisms can recreate
similar movements to that of the wearers by mimicking all
the degrees of freedom, thus allowing maximum mobility.
However, there lies the practical difficulty of designing
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FIGURE 7. Classification of the load handling exoskeletons based on their mechanical structure.

mechanisms in which all the joint axes are in parallel to the
natural axes to facilitate all the degrees of freedom. Some
examples for anthropomorphic devices are [84], [89], [97],
[98], [99], [100], [101], [102], and [103].
The quasi-anthropomorphic type is defined to have a

joint functionally similar to the human joint, although
the joint axes are not aligned. However, the links of
quasi-anthropomorphic structures are in parallel with the
anatomical limb segments. Albeit the joint structure is
different, these devices are designed in such a way that they
can create motions similar to the anatomical joints. A few
quasi-anthropomorphic exoskeletons can be found in [104],
[105], and [106].
In the non-anthropomorphic type, the relevant joint is not

aligned with the human joints and links are not parallel
to the human limb segments. However, the end effector of
the non-anthropomorphic exoskeletons can still create the
expected motion at the site of attachment of the device to
the body, thus providing the expected mobility. The devices
described in [70], [71], [83], and [107] can be listed as some
examples of such devices.

During the analysis, the authors identified that the mechan-
ical structure and overall appearance of these exoskeleton
devices are comparable when they are designed to support
the same body parts or to support similar tasks. Therefore,
it is more suitable to discuss the mechanisms considering
their classification based on the proposed location of support:
i.e. upper extremity, lower extremity, and trunk. However,
it should be noted that some devices have been developed to
support multiple locations which falls under an intersection of
the above categories. Furthermore, the upper extremity and
lower extremity exoskeletons have fundamental similarities
owing to the fact that they are developed to support limbs,

unlike the trunk support devices. The statistical data of these
classifications are represented in Fig.1.

1) MECHANICAL DESIGN OF BACK SUPPORT
EXOSKELETONS
Most back/trunk support exoskeletons are developed as
flexible devices which include compliant elements such as
elastic actuators, cables, and pneumatic muscles that where
attached posterior to the human body. These elements which
can be either a single element or a few parallel elements,
support the FL/EX of the spine as a whole. In literature,
these devices are mostly labelled as power assist suites. For
example, exoskeletons introduced in [66], [79], [102], [108],
[109], [110], and [111] have been identified to discuss such
designs.

Some rigid back support exoskeletons are also devel-
oped with compliant, posteriorly-placed elements [112].
However, a few devices have been developed mimicking
the multi-jointed nature of the spine [113], [114]. Out of
these devices, the Second Spine aids posterior load carriage
by transferring loads bypassing the human spine [114].
Additionally, the non-anthropomorphic multi-jointed design
in Exo-spine supports single DOF when load lifting [113].
Although the main supported DOF in the back support

exoskeletons is the FL/EXmotion of the spine, there are some
devices which have been developed with the capability of
twisting the trunk as well [67]. The second spine can support
all three DOFs of the spine [114]. In some back support
exoskeletons, instead of supporting the spine, the power at
the hip joint is augmented with a trunk attachment [115].
Most of such devices support a single DOF which is the
hip FL/EX. A majority of the back support exoskeletons are
actively actuated, while some devices have adopted passively
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supported mechanisms as well [90], [116], [117], [118],
[119].

The rigid devices that support the trunk can be identified
as two major clusters based on the attachment of their rigid
parts. Here, in most of the devices, rigid structures have been
found to be attached behind the trunk, while a few of them
are found with rigid attachments in the chest area. When the
support structure is in the back or sides, generally, straps were
used to attach the structure to the body [120]. However, in the
chest support type, straps were not present [76].

2) MECHANICAL DESIGN OF UPPER EXTREMITY
EXOSKELETONS
Upper extremity exoskeletons are usually employed in
holding a heavy object at a static position or lifting. They
can also be used to hold heavy objects while carrying
them [83]. Some of them can be locked to facilitate power
saving during the static holding activities [73]. In upper
extremity exoskeletons, most of the reviewed designs were
bulky with heavy rigid actuators [121]. However, since the
second half of the last decade commercial devices such as
Paexo [78] and H-VEX [93] have been noticed with light-
weight, rigid structures to support static holding. Moreover,
soft exoskeletons were occasionally identified in the upper
limb assistance sector [122]. A major drawback of soft
devices was that they have very low assistance capacity.

Upper extremity exoskeletons with rigid structures were
mostly non-anthropomorphic designs [64] while some of
them achieved anthropomorphic structures [123].

A majority of upper extremity devices developed in the
past decade are active devices. However, there are a few
devices which are fully passive [64], [73], [124], [125] or
hybrid [126], [127], [128] as well.

Most active exoskeletons for the upper extremity are devel-
oped with anthropomorphic mechanisms. However, hybrid
devices show a tendency towards quasi-anthropomorphic
mechanisms, while passive devices are developed with a non-
anthropomorphic tendency.

Several power transmission methods such as cable-drive,
direct-drive, gear-drive, and linkages have been employed
in upper extremity devices. The cable-drive mechanisms
are more common than other power transmission methods.
Passive devices show a high occurrence of direct-drive
mechanisms. Gear-drive mechanisms can only be found in
active devices. A very limited number of devices have linkage
mechanisms as the power transmission method [73], [129].
Active upper limb devices are developed with one to five

DOFs, while passive devices are mainly focused on providing
a single DOF [64], [73].

3) MECHANICAL DESIGN OF LOWER EXTREMITY
EXOSKELETONS
The lower extremity exoskeletons have been identified in
both squat lifting and load-carrying tasks. Most of them were
rigid and had anthropomorphic designs. For the most part,

FIGURE 8. Harmonic drive power transmission systems (a) Harmonic
drive gear, (b) Actuator design of Exoskeleton robot for steel
manufacturing (adapted from [92]), (c) Actuator design – Lower back
robot exoskeleton (adapted from [135]).

the structure of the lower extremity exoskeletons was similar.
However, the most notable design differences were seen
based on the actuation mechanism. Some of them have rotary
actuators, such as electric motors or rotary elastic elements at
the joints [98], [130] while some of them have linear actuators
such as hydraulic and pneumatic actuators connecting the
lower limb segments [106], [131]. The contribution of the
rotary actuators is to parallel support the human joints while
linear actuators bypass human joints when guiding load to
the ground. Nevertheless, in literature, some devices were
identified that completely disagree with the definition of
anthropomorphic structures. Moonwalker [107] is a good
example of this category. Another notable structure type was
lower extremity exo-suites [132] which were categorised as
flexible devices.

Actively controlled exoskeletons are very common in
lower extremity devices. Nevertheless, a few passive
exoskeletons have also been developed during the past
decade [89], [133]. A majority of active lower extremity
exoskeletons have been developed by preserving the
anthropomorphic features, while among passive devices, non-
anthropomorphic mechanisms take a significant place [133],
[134].

Although mechanisms such as cable-drive, direct-drive,
gear-drive, and linkage mechanisms are employed in lower
extremity devices, the direct-drive method is the most
common power transmission method that can be seen in
active, passive, and hybrid devices, all alike.

D. POWERING MECHANISM
1) ELECTRICAL ACTUATION
Most of the exoskeletons developed for load lifting have used
electric motors (AC, DC, Brushless DC, Servo) for actuation.
The actuation unit is designed as a single unit and placed
aligned to the hip joint rotation axis for the actuation. The
actuation unit is comprised mostly of the motor, gear reducer,
and sensors.

The devices like Active Trunk - Robo.Mate [73], [74],
[75], [76], [120], [136], [137], [138], [139], [140], [141],
[142], [143], Exoskeleton for steel manufacturing [92],
Cyberdyne – HAL 5 [144], [145], [146], [147], and Industrial
Handling Augmentation for Spinal Support have used electri-
cal motors in conjunction with strain wave gear (Harmonic
Drive reducers-HD) to achieve the required amplification

115578 VOLUME 11, 2023



S. Perera et al.: Exoskeletons for Manual Handling: A Scoping Review

of torque. Due to the lower torque of electric motors (less
than 1 Nm), HDs have been used to achieve extreme gear
reductions of 100:1. HDs have the added advantage of
lower back drivable torque, higher efficiency, high torsional
stiffness, zero backlash, high torque capacity compared to
other gear reducers such as planetary gear drives, worm gear
drives. The actuator is coupled with an encoder/ torque sensor
for angular and torque measurements required for the control
system and is enclosed as a single unit. In Industrial Handling
Augmentation for Spinal Support apart from electric motors
and gear drives, a clutch has been used to engage and
disengage the transmission from the human body. This allows
the wearer to cut off the existing back driving torque when not
in a lifting position [12], [142].

Exoskeletons with electric motors have used the series and
parallel elasticity to add the required compliance and save
energy. Several studies have been done on the effectiveness
of parallel elastic actuators (PEAs) on the reduction of the
overall motor effort, and the effect of series elastic actuators
on providing required compliance to a joint.

SEA has been used in the Parallel-Series Elastic Actuator
design for lower limb exoskeletons by researchers at Harbin
Institute of Technology. In Active Trunk by Robo-Mate, the
Bungee cord has been used as the parallel spring where it
is deflected to store energy while bending. The exoskeleton
developed by Jawad Masood et al. contains PEA made of an
elastic cord made of natural rubber elastomer to store energy
while lowering and release energy during lifting. The use of
PEA has reduced the overall weight of the exoskeleton by
20% and torque limitations.

Active Back-Support Exoskeletonwas developed to reduce
the risk of injuries and musculoskeletal disorders during
manual material handling activities [148]. It consists of two
joints to support lumbar and hip motions. The structure is
made of three links and straps are used to attach the device
on the wearer’s shoulders, waist and thighs. Authors claim
that the device has four DoFs in total to facilitate FL/EX and
AB/AD at lumbar and hip joints. Two SEAs were used to
provide assistance during lowering and lifting loads and the
overall system weighs approximately 4.4 kg excluding the
controller and power supply. SEAs were constructed using
a BLDC motor with ball screw transmission and serial spring
arrangement. A Bowden cable is then used to transmit torque
to the hip joint. The effectiveness of the active back-support
exoskeleton was determined using multiple test subjects (nos
11). Results showed a notable reduction of the normalized
RMS EMG activity of both left and right erector spinae
muscles. The mobility test indicated a notable reduction
in walking speed when wearing the exoskeleton. However,
the Borg scale evaluation indicated an averaged perceived
exertion level when using the exoskeleton.

2) PNEUMATIC ACTUATION
Exoskeletons developed for load-lifting applications with
pneumatic actuators were limited compared to exoskeletons
with electric actuators. Different actuationmethods have been

FIGURE 9. Pneumatic Actuation mechanisms: (a) Antagonistic pneumatic
muscle joint (adapted from [149]), (b) Muscle suit actuation system by
Tokyo University of Science(adapted from [150]), (c) Muscle Suit
(Commercial version) by Innophys, (d) Pneumatic cylinder joint actuation
in HiBSO (adapted from [151]).

proposed with exoskeletons and are developed with McK-
ibben artificial muscles and pneumatic cylinders. McKibben
muscles have been used as antagonistic spring pairs to
achieve desired torque and positions [149]. Muscle suit is an
exoskeleton developed with pneumatic actuators- McKibben
muscles. Muscle suit is developed evolving into several
versions and to a commercial product [150]. Muscle suit
is activated by pressurising the pneumatic muscles thereby
affecting the lumbar curvature to reduce in a lifting stance.

Hip Ball Screw Orthosis (HiBSO) is an active orthosis
designed to assist the hip flexion-extension of the elderly.
Although HiBSO doesn’t fall into the power augmentative
category HiBSO is designed to assist in lifting. A pneu-
matically actuated cylinder is used to assist in flexion and
extension [151].

Muscle Suit developed by Tokyo University of Science is
capable of providing lower back support to reduce muscle
usage and fatigue during load lifting [152]. The two variants
of the Muscle Suit are referred to as the standard model
and the standalone model. The standard model uses two
McKibben-type soft pneumatic actuators to generate the
assistive force. A single artificial muscle weighs only 130 g
and can generate 2,200 N force using a supply of 0.5 MPa
compressed air. Other key hardware components included in
this system include an air compressor, air cylinder, solenoid
valve, switches and sensors. The breath-activated switch and
touch sensor switch on the chest were used to control the
valve during operation. The overall weight of the standard
model is 5.5 kg, and a pulley and wire mechanism is used to
apply an assistive torque on the upper body with respect to
the thigh. Authors claim the system is capable of reducing
the lower back and the legs during lifting and lowering
loads as it can deliver an assist force of 30 kgf. However,
the authors indicate difficulties in manually operating the
switches and correctly detecting the motion intention of
the wearer. The bulkiness of the system has also caused
notable hindrances. The standalone model uses the same
setup with the actuators pressurised to an initial pressure
when standing upright. Importantly, the pneumatic muscles
operate without receiving compressed air externally, thus
they act as springs when the wearer bends during lifting
operations. The maximum output torque generated by the
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standard and standalone models is approximately 140 Nm
and 100 Nm respectively. The effectiveness of each model
was evaluated using EMG activity. Results of themultiple test
subjects (nos 4) who participated in the lifting experiments
indicated a notable reduction of muscle activity in the lumbar
region. In addition, the dynamic length of body sway during
repetitive lifting was found to be lesser when wearing the
muscle suit. However, the assistive effect of muscle suits on
reducing fatigue has not yet been investigated.

The soft pneumatic elbow exoskeleton, named ‘Carry’ was
developed to assist the elbow during carrying and holding
loads [153]. The target was to reduce muscle fatigue and the
risk of injury. Carry has a soft human-machine interface and
includes a soft pneumatic actuator that can provide 7.2 Nm
torque to the elbow. Carry has a weight of 1.85 kg, and
this includes the actuator made with a TPU bladder encased
by a textile tube. Upon pressurization, the tube inflates and
the elbow gets extended. Textile straps with plastic buckles
are also used to minimize slipping effects. However, the
required pneumatic pressure was supplied using a stationary
compressor by a tethered means. The effectiveness of the
elbow exoskeleton was evaluated using multiple test subjects
(nos 12). The experiments conducted with Carry resulted in a
reduction of muscle activity by 50% and a reduction of net
metabolic rate by 61%. Authors also claim that Carry has
successfully reduced muscle fatigue and has the potential to
reduce joint degeneration and pain during material handling
work.

3) HYDRAULIC ACTUATION
Hydraulic actuation methods were limited to exoskeletons
developed for load lifting. Due to the high complexity and
problems with mounting hydraulic circuit components in
the human body developments were limited. XOS2 is a
full-body exoskeleton developed to augment strength using
high-pressure hydraulics. Due to the high power ratios of
the actuation mechanism wearer could lift 50 lbs with each
arm. Due to the high-pressure hydraulics exoskeleton has
to be tethered to operate, which in return is a drawback in
portability.

4) PASSIVE ACTUATION
Several passive actuation methods were proposed in
exoskeletons developed for load lifting. Passive actuation is
based on elastic elements that store energy while lowering
the body and releasing it during the lift. Passive actuation
mechanisms do not require an external power source
therefore developed exoskeletons were lightweight although
assistance and control were limited.

Personal lift assistive device (PLAD) [154] was designed
to support the lower back during lifting tasks. PLAD uses
two elastic ropes extending from knee joints on either side
to the shoulders via the back of the human body. During
lifting tasks, elastic cords extend and contract to reduce
the lumbar moment. The exoskeleton with flexible beams

provided passive actuation using the bending of flexible
beams. Energy is stored in the leaning and released during
lifting [155].

A biomechanically assistive garment has also been devel-
oped to assist in load lifting. The actuation mechanism used
was elastic bands acting parallel to lower back extensor
muscles providing extension moment about the hip joint.
The garment consisted of a shirt (upper body), shorts (lower
body and elastic bands connecting the shirt and shorts. With
the proposed passive actuation mechanism garment reduced
erector spinae muscle activity by 23-43% [156].

The industrial passive assisted exoskeleton or IPAE was
developed with the intention of reducing disorders caused by
lifting operations on the lower back and arm muscles [157].
It mainly consists of a back support frame, waist elastic
units, leg supports, and strap units for the shoulder and waist.
Authors claim that the device can be worn like a backpack,
and the total weight of the system is only 4 kg. In order
to improve the comfort of the wearer, all surfaces of the
device are covered with flexible fabrics and can be closely
fitted to the body. However, the donning process requires
assistance and takes about 2 minutes duration. The waist
elastic elements are energized during the lowering phase
of the stoop lift cycle, and subsequently released during
the upward phase to relieve the lower back muscles. The
device also includes hooks and straps connecting the wrists
and shoulders for reducing the loading on the arm muscles
when handling the load. The effectiveness of the system
was evaluated by multiple test subjects (nos 8). The EMG
activity of the lower back muscles was investigated using
portable EMG sensors. In addition, oxygen consumption was
also measured using VO2 sensor equipment. A toolbox with
weights inside was used for carrying out stoop lift tasks from
the ground to a table at waist height. The local perceived
pressure, perceived exertion, and system usability were also
evaluated using well-documented methods published in the
literature. Experiment results have indicated that IPAE is
capable of reducing muscle activities of both the lower
back and upper arms during lifting works. Interestingly,
IPAE did not notably influence oxygen consumption during
repeated lifting. The rate of perceived exertion with or
without the IPAE also showed no significant difference. The
local perceived pressure was significantly higher for the
shoulder and wrist. Interestingly, only 50% of the subjects
rated IPAE as having acceptable usability. Although IPAE
can significantly reduce muscle fatigue of the lower back
and upper arm, the authors recommend not to increase
the workload, worktime, or working frequency for workers
equipped with IPAE.

The passive upper-extremity exoskeleton suit or PUES
was developed to reduce the muscle efforts of the right arm
during static and dynamic tool holding operations [158]. The
goal was to decrease the fatigue and possible WRMSDs
during high-intensity repetitive installationworks. The device
consists of two parts, namely the exoskeleton body and
the passive gravity balance arm. In total PUES weighs
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approximately 3.1 kg. On one part, the exoskeleton body
is responsible for carrying loads and tools while providing
freedom for movement. On the other part, the arm attached
to the hip of the exoskeleton is used to mount the handheld
tool. Here, the passive mechanism of the arm is designed to
maintain the balance within a predefined range of activity
and is able to able to handle different weights. Moreover,
the handheld tools attached to the arm can be moved
or suspended vertically and have been shown to dampen
vibration. The arm mechanism uses gas springs coupled to
parallelogram structures. However, counterweights are also
used on the sides to balance the moment caused by the
mass of the tool and arm structure. The exoskeleton has
12 joints that are responsible for transferring the weight
of the overall system to the ground. The effectiveness of
PUES was evaluated by measuring the EMG activity of the
arm with multiple test subjects (nos 10). Both static and
dynamic load tests were conducted to ascertain the effects
on arm muscles when wearing PUES. Results indicate a
notable reduction of normalized root mean square EMG
and mean power frequency for biceps and deltoid for both
static and dynamic tests. PUES shows potential to reduce the
strain on the human upper arm but has limited functionality
because of its bulky and complex structure. Moreover, the
authors have yet to investigate the influence on energy
consumption.

The passive exosuit with body-powered variable impedance
has been designed to correct the lifting posture by
immobilizing the vulnerable joints [159]. The authors aim
to use this novel approach to prevent back injuries caused by
repetitive lifting. The exosuit adds impedance to the human
joints to discourage stooping motion based on how far the
wearer’s movements are from squat lifting trajectories. This
is achieved by including an artificial biarticular tendon in
exosuit. By placing the artificial tendon across two joints,
it helps couple the angle of rotation of each joint. When
one joint is restrained, it restricts the rotation of the other
joint. In order to modulate the tendon impedance, the authors
used an ingenious non-mobile mechanism, an A-shaped
tendon structure. Here, the tendon force depends on the
state angle of the triangular formation of a rubber band
and cables. When the wearer abducts the hips during squat
lifting, the rubber band attached to the cables routed behind
the knees get stretched, increasing the state angle and this
allows the cables running through the hip to the shoulder
to be pulled with lesser force. However, during stoop, since
knees remain closer to each other, the state angle is lower
and the shorter rubber band possesses higher resistance.
Accordingly, during squatting action, the suit creates a lower
impedance to movement, whereas during stooping action
a higher impedance. Authors also claim that the design of
the suit allows the wearer to generate various movements
such as kneeling comfortably without noticeable resistance.
The effectiveness of the exosuit was evaluated with multiple
test subjects (nos 10). During squat lift experiments, joint
positions were measured using a motion capture system, and

FIGURE 10. Human Robot Interaction (adapted from [161]) (a) A
framework for human-robot information exchange and interaction with
the environment, (b) Conveying of human’s intent - Identification,
Measurement, Interpretation.

metabolic gas data using a potable respiratory gas analyzer.
Results revealed the suit is effective in promoting squat
posture over stoop posture. However, the metabolic rate
when using the suit is marginally better, and the statistical
results show no significant difference. Similarly, the back
compressive force from calculations shows a marginal
decrease and no significant difference as per the recorded
results by the authors. A notable limitation of the passive
exosuit is its nature to constrain forward-leaning motion,
making it more uncomfortable for the wearer to perform non-
lifting motions. The authors have proposed a control module
to permit free motion when needed.

The HeroWear Apex is a passive back-assist exosuit
developed to reduce biomechanical loads on the back [160].
The upper part of the suit is similar to a backpack and has
two elastic bands connected to the two thigh sleeves. It is
1.5 kg in weight and the switch is used to engage or disengage
the assistive mechanism. When engaged, elastic bands will
stretch as the wearer bends forward, and this generates an
assistive torque about the lumbar spine during the upward
phase of stoop lifting. Here, the elastic bands with different
stiffnesses can be included depending on the wearer’s
preference. Multiple test subjects (nos 20) participated in
experiments conducted to evaluate the effectiveness of the
device. EMG activity of the muscles on the back, trunk
kinematics, and heart rate measures were recorded during
the tests. Authors claim that the exosuit was able to reduce
the EMG activity by 15% during lifting and lowering
tasks. The exosuit also affected the kinematic of the trunk,
in particular, it reduced the trunk FL/EX ROM. Participants
also reported that the exosuit was mild to moderately helpful
in carrying out the lift operations.

E. CONTROL METHOD
Controlling methods based on human intention identification
can be recognised in much of the literature.

1) INTENT DEFINITION
The human body is itself a control system that shares
information between its subsystems. Subsystems that share
information could be divided into central nervous system,
peripheral nervous system and musculoskeletal system. Each
sub-system contributes to the intention andmotion of humans
and can be defined with measurable physical quantities. Each
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defined physical quantity could be taken input variable for the
exoskeletal system.

2) INTENT MEASUREMENT
Intent measurement is based on the identified quantity.
Considering the subsystem different methods, and tools
such as electroencephalography (EEG), electromyography
(EMG), and force and torque measuring are used.

3) INTERPRETING INTENT
Measured intent could be interpreted as binary, hexadecimal
and other data, converted parameters. Human intention iden-
tification could be divided into two main categories: physical
human-robot interaction (pHRI) and cognitive human-robot
interaction (cHRI) [128]. pHRI refers to the connection
between the exoskeleton and humans generated using the
physical contact between the exoskeleton and the human
(musculoskeletal system) [161]. cHRI refers to connection
generated through changes in the central nervous system.
Sensors used in pHRI are position and motion sensors, Force
and pressure sensors [135]. Sensors used in cHRI are muscle
activity sensors and brain activation sensors [128].

F. METHODS OF PERFORMANCE EVALUATION
One of the most important aspects of developing occupa-
tional exoskeletons is the evaluation of their performance.
Validating that the exoskeletons provide the expected support
and motion in manual handling can be used as a measure
of effectiveness from the performance point of view. When
observing past research publications, several methods of
performance evaluation are noticeable.

Some researchers have usedmetabolic cost as an indication
of the performance of the devices. Analyzing of the volume
and composition of the breathing gas of wearers will provide
information on the rate of oxygen-carbon dioxide conversion
that happens inside the cells which ultimately indicates the
effort that a person’s body should make when performing a
manual handling task [132], [162], [163].
Electromyography (EMG) is used as another method of

performance evaluation. Measurement of muscle activities
when using an occupational exoskeleton can demonstrate
the forces exerted by individual muscles/muscle groups
themselves. This will show the degree of support provided
by the device since an effective exoskeleton would indicate a
lower muscle activity in the relevant muscles of the wearer.
Depending on the manual handling task, the joint that is
supported, and the motion assisted by the exoskeleton, the
selection of the muscles/muscle groups for EMG analysis
varies [69], [126], [132], [133], [163], [164].
Examining themuscle workwith andwithout the exoskele-

ton is another method that has been employed to evaluate
some devices. This is generally performed by measuring the
torques and angular velocities of the joints [165].

Some exoskeletons are subjected to kinematic analysis to
evaluate the kinematic conformity of the devices to the natural

FIGURE 11. Scatter-plot showing the number of publications, each year.
Exponential fitting of the data revealed an increase in the number of
articles written between 2010 and 2022 (r2 = 0.94).

movements.While some analysis techniques use sensory data
from sensors such as inertial measurement units (IMU) and
accelerometers, the use of motion capture analysis can also
be seen in some cases. Such methods will indicate whether
the wearer of the exoskeleton can move conforming to the
naturally expected motions [132], [133], [163].
When evaluating the performance, the common practice in

many devices has been to compare one or more performance
indicators of human subjects when performing a manual
handling task with and without the exoskeletons. The
number of subjects and the degree of repetition of the task
vary.

V. BIBLIOMETRIC ANALYSIS
Bibliometric analysis provides insight into the research
trends using statistical techniques. Keyword co-occurrence
networks (KCN) and article co-citation networks (ACN) can
be used as effective ways of knowledge mapping [285] and
visualize knowledge base in a specific field of research. This
section exploits the screened data set of literature from the
SCOPUS database and uses R-package bibiliometrix [286]
for the analysis.

The screened data set was fed into R and was converted
into an R data frame prior to the analysis. Out of 288 articles
in the data set, the majority of the articles were published
by corresponding authors in China (32 articles, 20.92%),
Korea (25 articles, 16.34%), USA (22 articles, 14.38%),
Japan (16 articles, 10.46%) and Italy (13 articles, 8.50%).
288 articles were distributed among 156 journal articles,
9 book chapters and 123 conference papers. Themost relevant
sources for the publications were Applied Ergonomics
(10 articles), IEEE Robotics and Automation Letters (10
articles), Proceedings of the IEEE / RAS-EMBS International
Conference on Biomedical Robotics and Biomechatronics (9
articles), Proceedings of IEEE International Conference on
Robotics and Automation (8 articles), and Biosystems and
Biorobotics (7 articles). Publications had a high collaboration
index with 4.97 authors per document.

During the past 12 years, the number of publications
related to manual handling exoskeletons has gradually
increased. Temporal analysis shows that the publication count
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TABLE 3. Most frequent keywords (2010-2022).

increased from 2 to 40 within a span of 12 years (see
Fig. 11) with an annual growth rate of 31.4%. Exponential
fitting of the data revealed a growth of the research area
(r2 = 0.94).

A co-word analysis draws the conceptual structure of a
framework using a word co-occurrence network to map and
cluster terms extracted from keywords, titles, or abstracts in
a bibliographic collection. Figure 12 shows the evolution of
the most significant keywords using visual representations of
keyword co-occurrence networks.

VI. DISCUSSION AND FUTURE DIRECTIONS
The review of the literature presented in the previous section
provides a comprehensive overview of the manual handling
exoskeletons developed in the last 12 years. Analysing this
data, the authors have identified the challenges, trends, and
future directions of this research field in the following
subsections.

A. CHALLENGES IN DEVELOPING THE MANUAL
HANDLING EXOSKELETONS
Designing exoskeletons for manual handling has several
design challenges compared to exoskeletons designed for
rehabilitative and assistive purposes. The users of the manual
handling exoskeletons are considered to be unimpaired
in their motor capacity. This means that the exoskeleton
should be designed to support a wide variety of natural
movements. Therefore, when compared with assistive or
rehabilitative exoskeletons, higher compliance is required
for the manual handling exoskeletons to accommodate such
varying movements made by the users.

One observation made by the authors is that in most lower
body and trunk support devices with hip joint assistance,
the DoFs of the hip are compromised. Since the hip joint
is a spherical joint, the exoskeleton should be designed to
support (actively/passively) three DOFs in FL/EX, AB/AD,
and IR/ER. If the exoskeleton’s DOFs are constrained in the
transverse plane and the frontal plane, the wearer’s natural
motions occurring during manual handling work could be
affected and would increase the risk of WMSDs. Another
commonly compromised DOF that can be seen in the lower
body exoskeletons is the IN/EV of the ankle joint. In most
systems, the focus has been on the DF/PF movements of

the ankle. Thus the effect of the mechanical systems on the
IN/EV movement is often overlooked. The inhibition of this
DOF can lead the wearer to deviate from the natural gait
pattern and cause cumulative trauma injuries.

The implications of such constrained movements might
not be significant if the pre-defined, text-book lifting, load-
carrying, or static holding poses are considered. But in
reality, the users work in a dynamic environment where
the movements constrained to a single plane might not be
possible. Specifically, in cases such as handling asymmetric
loads (e.g. healthcare practitioners handling bed-ridden
patients), a combination of movements such as ‘‘lift-turn-
place’’ (e.g. industrial workers in a production line), and
standing/walking in uneven terrain (e.g. military personnel
walking in rough terrains in their line of duty), it is very
important to have high compliance in the exoskeletons. So far,
addressing these practical issues has been a challenging
aspect of the design of manual handling exoskeletons.

Static holding is the most common use for upper body
power augmentation exoskeletons. The design concerns for
these exoskeletons include the need to address the high
bending moments and forces applied to the linkage system
in mechanisms. As a result, the mechanical designs of most
of these devices tend to be bulky and non-anthropomorphic.
These design limitations can limit the ranges of motion of
the wearer and prevent the ability to navigate or manoeuvre
in tight workspaces. Avoiding this issue of heavy and bulky
designs in developing upper body exoskeletons has been
another challenging aspect that the authors observed.

The weight-to-assist ratio is an important factor that should
be considered in developing manual handling exoskeletons.
Since the exoskeletons are developed to provide additional
assistance for the wearers, these should not increase the
loads experienced by the users. While many lower extremity
exoskeletons are capable of directly grounding the load
through the linkages, it is inevitable that upper body
exoskeletons exert an additional load on the wearer in terms
of the added weight of the device. There have been attempts
to reduce this issue by utilising flexible structures in place of
rigid ones, in the hope of reducing the weight of the device.
However, in doing so, the assistance that can be provided
by the exoskeleton is often compromised. Therefore, this
issue of achieving an optimal weight-to-assist ratio remains
a challenging aspect of the design of manual handling
exoskeletons.

Exoskeletons are typically designed for specific anthro-
pometry such as the 50th percentile male population. Since
the range of wearers can have different body segment
variations to that of the anthropometric data in the literature,
the designs should have specific features to compensate for
joint axis misalignments. In addition to that, anthropometric
variations of the users may implicate differences in the loads
acting on the exoskeleton. Thus it is important to provide the
wearer with the ability to control the assistive torque on the
joints whenever required. Such flexibility in the structure and
the control may result in complex exoskeletons. Therefore,
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FIGURE 12. Author keyword co-occurrence network (KCN) visual representations for three time periods along with most significant 20 keywords; (A) KCN
for 2010-2014, (B) KCN for 2015-2017, (C) KCN for 2018-2022.

it remains a challenge in current devices to achieve high
compatibility with the user.

B. RESEARCH TRENDS AND FUTURE DIRECTIONS
According to the bibliometric analysis, in the past decade,
an exponential growth of annual publications related to the
manual handling of exoskeletons can be seen. This is a
highly favourable trend, which can be an indication of several
factors. The technological advancements can have both direct
and indirect impacts on this trend.

The research advancements on lighter and stronger mate-
rials have opened novel possibilities to achieve a lower
weight-to-assist ratio, thus encouraging researchers to utilise
such material in their designs. The advancements in the field
of cognitive human-robot interactions have encouraged the
use of bio-signal-based actuation, thus providing an incentive
to perform more research on manual handling exoskeletons.
The invention of soft robotic actuators such as pneumatic
muscle has also impacted the increased interest in this
research area.

The technological advancements have also had an indirect
effect on the development of manual handling exoskeletons.
Specifically, with the increased production in industrial
settings, the manual handling workload of the industrial
workers has increased. This, along with the increased
considerations on the safety of the employees adopted
by the industries has increased the requirement of proper
manual handling exoskeletons to avoid WMSD. Therefore,
the exponential growth of the related research publications
can be expected.

The keyword co-occurrence networks in Fig. 12 provide
valuable information about the change in the focus of the
research work during the last decade. When considering
the body part of interest, it can be seen that during
the period of 2010-2014, the focus has been on back-
support exoskeletons. However, by the period 2015-2017,
an increased interest towards developing lower extremity

exoskeletons, specifically the devices developed to support
the knee joint can be seen. But in the latter part of the
last decade, the frequent mentions of ‘‘low-back pain’’ and
‘‘shoulder’’ in the keywords suggest that there is a trend
towards the development of exoskeletons for the upper body.

These keyword co-occurrence networks also reveal that
during the latter part of the last decade, there has been a rise of
occurring ‘‘electromyography’’ as a keyword. This suggests
that there is a trend to use EMG technology in the latest
manual handling exoskeletons.

In the review, the authors observed a trend towards
developing the exoskeletons for lifting. Out of the manual
handling tasks, lifting is considered the most commonly
encountered issue, specifically in an industrial setting.
Inherently, the workers have to engage in load-lifting tasks
and even if the loads are low tomoderate, prolonged repetitive
tasks might cause WMSD. Therefore, it can be expected
to have a higher publication output focusing on lift-support
exoskeletons.

An interesting tendency in the mechanical design of
manual handling exoskeletons is the use of flexible compo-
nents. Especially in trunk exoskeletons, the tendency to use
flexible structures and passive actuation methods has been
apparent. This can be a result of the low weight-to-assist ratio
provided by the flexible structures. Furthermore, the lower
body exoskeletons also show an increasing trend towards
using passive actuation methods. However, in upper-body
exoskeletons, the inclusion of soft or flexible structures was
rarely noticed. Even though research on soft exoskeletons
is considered a hot topic in recent times, the feasibility of
adopting this technology in the upper body exoskeletons is
still questionable since flexible structures often provide low
assistance when compared with rigid structures while the
upper body exoskeletons demand high assistive forces.

Another significant trend in the manual handling exoskele-
tons is to develop mechanisms with higher degrees of
freedom. Although earlier designs seemed to be focused on

VOLUME 11, 2023 115589



S. Perera et al.: Exoskeletons for Manual Handling: A Scoping Review

supporting only some of the degrees of freedom in the human
joints, the recent research work is focused on providing
maximummobility to the wearers. Therefore, more emphasis
on developing devices with complete degrees of freedom can
be seen as a trend in these exoskeletons.

The analysis of the poweringmechanismsmentioned in the
selected literature shows that many devices are active devices.
This shows that the trend to develop ‘‘robotic’’ exoskeletons
has increased during the last decade. With the advancements
in robotic technologies, this is to be expected. Another
reason for the increased interest towards developing robotic
devices might be the versatility of the control strategies.
In the actively powered exoskeletons, the most commonly
encountered actuation method is the electric motor. However,
there is a trend to combine the electric motors with passive
components to achieve more compliance as in series elastic
actuators. In active exoskeletons which have not used electric
motors, the pneumatic muscle was a common occurrence.
The similarity in the actuation kinematics of the pneumatic
muscle to actual human muscle actuation might have played
a role in encouraging this actuation method. However, the
use of pneumatically powered systems tends to add additional
bulky components to the exoskeletons ultimately increasing
its weight.

When the control strategies in the manual handling
exoskeletons are considered, one important feature is that
the physical human-robot interaction takes a more prominent
place rather than the cognitive human-robot interactions.
Although a considerable number of devices have utilised
cognitive human-robot interactions during the early years of
the last decade, these occurrences have gradually decreased
in the latter years. While cognitive human-robot interactions
such as the use of EMG or EEG for human motion intention
detection are sophisticated technologies, there can be several
reasons for opting out of cognitive human-robot interactions.
One major concern is the portability of the devices. Unlike
rehabilitation devices, manual handling exoskeletons are to
be used in an occupational environment where the usersmight
be involved in walking and other activities. In such cases,
having cognitive human-robot interaction interfaces will be
problematic, especially sincemany such interfaces comewith
multiple electrodes and systems with high processing power.
Additionally, when using bio-signals for detecting the human
motion intention, a high noise can be expected which would
require training of the user as well as the control system prior
to the use by each user. Due to these factors, a trend towards
physical human-robot interactions can be seen, where the
signals have less noise and the systems have better portability.

In recent research studies, heightened attention to evalu-
ating the effectiveness of the exoskeletons was noted. This
has led to the development of extensive methodological
approaches for testing and experimenting. However, studies
on the feasibility of exoskeletons in work environments have
been overlooked in the current research. However, with the
trends of improved evaluation methods, the authors expect
that this will be addressed in the future more significantly.

When considering the overall trends, it can be seen that
the manual handling exoskeletons are improved mainly
in two aspects, namely performance and comfort. In the
sense of performance, the ability of the exoskeletons to
support the load has improved. On the other hand, in the
view of enhancing user compatibility, the weight of the
exoskeletons is being reduced and the flexibility to perform
natural movements is being improved. In essence, these
requirements have led exoskeletons to be developed with
complex structures and light materials.

There are several deficiencies that the authors have identi-
fied in the currently available manual handling exoskeletons.

Despite the trend to support more DOFs, only a limited
number of researchers have attempted to map all three
DoFs of the hip joint. Furthermore, some have restricted the
motion of internal, and external rotation due to a lower range
of motion during manual handling. Although restriction of
internal/external rotation helps to simplify the design process,
this approach also hinders the natural motion of the human
body. A similar tendency can be seen in the back support
exoskeletons where the lateral bending and twisting motions
of the spine are disregarded in most designs. Stiffness in
the lower back region and flexibility in the spine are not
considered in most of the exoskeletons developed for load
lifting. The exoskeleton’s compliance with the back has been
compromised as a result of the added stiffness and inclusion
of complex mechanisms. However, as mentioned under the
challenges, these will affect the mobility of the user and
restrict the types of movements that they can carry out. The
humanworkers who are the target users for these devices have
different biomechanics and unlike the robot workers, it cannot
be expected from the human workers to always move in a
predefined manner. It will not only be unrealistic but also
will reduce the working efficiency significantly. However,
with the current trends to develop more biomechanically
compatible devices, it is hoped that future exoskeletons will
provide better flexibility and mobility, encouraging more
industries to use such exoskeletons for the health and safety
of their employees.

Another significant gap identified by the authors was the
lack of research on passive energy harvesting in load-lifting
exoskeletons. A few exoskeletons have attempted to recover
passive energy during load lifting, though some have used
parallel springs to harness energy without taking into account
the available passive energy. However, given that one of
the most common issues in manual handling exoskeletons
is increased weight due to high power requirements, it is
worthwhile to look into the possibility of incorporating
energy harvesting methods into these devices. The authors
anticipate that this will be taken into account more in future
designs.

Some research papers on occupational exoskeletons failed
to report the evaluation methods and results when inves-
tigating the performance evaluation aspect of the devices.
Muscle activity has been used as a performance indicator
in many papers that have this information. The choice of
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muscle groups, on the other hand, varies, making it difficult
to compare the performance of similar devices. Furthermore,
despite the importance of human-robot interaction, most
robotic devices lacked performance evaluation. Furthermore,
obtaining an accurate assessment of these devices has been
difficult due to a lack of information about field testing of
the developed devices. As a result, the authors identified
the need for a proper evaluation guideline for load handling
occupational exoskeletons. This would facilitate the process
of benchmarking non-commercial devices. A proper bench-
marking system will encourage researchers to thoroughly test
the developed devices and will provide specific data on the
performance of these exoskeletons. Such data could help to
accelerate research by highlighting research gaps.

According to the findings of this review, the field ofmanual
handling exoskeletons is on a positive research trajectory.
These devices have evolved from earlier designs of exoskele-
tons with limited resources and primitive technologies to
become more sophisticated devices. With constant techno-
logical advancements occurring in peripheral fields such
as materials, actuator developments, sensing, and control
strategies, manual handling exoskeleton designs still have a
long way to go. Although many devices are still restricted
to specific tasks and motions, trends are pointing toward
the development of more versatile devices with greater
degrees of freedom. It is hoped that advances in technology
will accelerate these advancements, making augmented
super-human workers with the strength of machines and the
cognition and dexterity of humans a reality one day.
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