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Abstract: The human-centered workplace design philosophy and the operator 5.0 concepts are
gaining ground in modern industries moving through the personalization of the operators’ workplace
for improving workforce well being and capabilities. In such a context, new assistive technologies,
such as passive exoskeletons, are good candidates to be wisely adopted in manufacturing and
logistics systems. A growing interest in these devices has been detected over the last years, both
from an academic and company perspective, with an increasing number of design solutions and tests
according to their field of application. Aiming to investigate the current state of the art, we propose a
literature review focused on passive exoskeletons for manufacturing and logistics (M&L) systems.
We categorize the exoskeletons assessment in relation to the M&L tasks in which they are applied to
give the reader an easy and direct insight into the exoskeleton performance in real settings. Further,
the impact of the exoskeleton deployment from an efficiency perspective and its cost-effectiveness
evaluation are provided. Finally, a maturity heat map is proposed to track the maturity level of
different exoskeletons by focusing on a set of scientific and industrial domains. A discussion and a
future research agenda are also provided by focusing on the managerial implications of investing in
these devices.

Keywords: exoskeletons; human factor; manufacturing; logistics systems; social sustainability;
industry 5.0

1. Introduction

The digital and technological transition in manufacturing and logistics (M&L) sys-
tems is now integrating the well-known Industry 4.0 paradigm with the Industry 5.0 one.
Industry 5.0 vision reinforces the role and contribution of industry to society and the human-
centric paradigm in manufacturing system design and management [1,2]. Moreover, a
digital, resilient, and sustainable manufacturing system must be planned and designed
to achieve a long-term competitive advantage [3,4]. Here, the “social sustainability” con-
cept becomes central, aiming to support employees” well being [5,6]. This view becomes
urgent, especially in labor-intensive M&L systems, where several activities are still per-
formed manually nonetheless the opportunities given by automation. In such a context,
considering human factors becomes strategic [1,7], since they are influenced by workers’
diversity as individual capabilities, physical capacities, gender, age, and more [8]. Further,
several technical factors influence the efficiency of workers in manual M&L systems linked
mainly to the design of the workplace and the environmental working conditions. In such
a context, workers are put in the center of the system, and different technologies can be
used to improve their physical, mental, and cognitive efficiency in pursuing the creation
of smart and resilient M&L systems [9]. By focusing on physical efficiency, worker-wear
assistance suits, commonly known as exoskeletons, have started to gain the attention of
managers and academics. The interest in exoskeletons has developed over the years as
they showed the potential to improve workers” biomechanics, ergonomics and safety by
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reducing muscle effort while performing strenuous manual tasks [10]. In particular, the
healthcare, construction, manufacturing, and logistics working environments seem to be
the most suitable for applying passive exoskeletons since several tasks require high forces
or highly demanding postures. Active and passive exoskeletons exist: the formers have
motors and other actuators that provide the energy for the movement; the latter has a
structure composed of elastic components (springs, elastics, etc.) that harvest energy from
human movement and return it to the counter movement. Further, passive exoskeleton
companies have highly increased in the last decade. This is also demonstrated by the num-
ber and types of exoskeletons which are present and available in the market (see Table A1l
in the Appendix A section). Moreover, as reported by Laevo (2022), some commercial
exoskeletons have been also accredited as Personal Protective Equipment (PPE) by the
European Union.

According to de Looze et al. [11], exoskeletons can be classified according to the body
part they support. Upper limb exoskeletons are devices supporting the arms, generally the
shoulder joint. The back support exoskeletons support the back region reducing efforts on
the back erector muscles, mainly working on the L5/51 joint. Then, lower limb exoskeletons
provide supporting torques at the knee and hip level. Finally, tool-support exoskeletons
can considerably reduce the load in executing tasks that require the use of tools to handle
for a prolonged time.

The interest in implementing exoskeletons to improve human well being is demon-
strated by several literature reviews published in the last few years. De Looze et al. [11]
provided an overview of 26 different assistive exoskeletons developed before 2016 for
industrial purposes and integrated that with the addition of a stakeholder analysis of de
Looze et al. [12] and updated it by adding other 33 studies [13]. Some reviews focused
on the effects the exoskeletons in occupational industrial tasks [14-17]. Other reviews
studied exoskeletons from a technological point of view [18-21]. Bostelman et al. [22],
Pesenti et al. [23], Hoffmann et al. [24], de Bock et al. [25], and Kuber et al. [26] focused on
test methods and standards for exoskeleton testing and deployment. Moreover, Kuber and
Rashedi [27] studied the user acceptance of exoskeletons by identifying design features that
could affect them and Massardi et al. [28] focused on human—exoskeleton interaction. From
a physiological point of view, Bér et al. [29] in their review found that the utilization of an
exoskeleton in M&L tasks seem to reduce the user’s acute physical stress and strain in the
exoskeleton-supported region. However, Theurel and Desbrosses [30] reviewed 30 articles
trying to relate the claimed ability of the exoskeletons to reduce the muscular effort to the
pathophysiological mechanisms underlying musculoskeletal disorders, concluding that
there is not enough evidence to support an unreserved endorsement of these devices to
prevent musculoskeletal disorders. Passive exoskeletons are indicated as more accessible
for large industrial use due to their simplicity and lower cost compared to active ones [19].
For this reason, in this work, only passive exoskeletons deployment in M&L systems is
studied. The existing literature reviews focused on methodological, biomechanical, and
design studies giving their attention to both active and passive exoskeletons even if the
active ones are not already preferable for large industrial use [19]. Our literature review
is specifically focused on passive exoskeletons for M&L systems and their assessment is
categorized in relation to the M&L task in which the exoskeleton is applied to give the
reader an easy and direct insight into the exoskeleton performance in real settings. In
addition, the impact of the exoskeleton deployment from an efficiency perspective and
its cost-effectiveness evaluation are provided. Finally, a maturity heat map is proposed
to track the maturity level of different exoskeletons by focusing on a set of scientific and
industrial domains. Aiming to guide the in-depth analysis of the retrieved studies to
practical, industrial, and economic implications, the following three research questions are
formulated and answered in this work:

RQ1: Which manual tasks can be supported by passive exoskeletons and which methods have been
applied to assess their performance?
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RQ2: How do the workers” height and waist size influence the exoskeleton selection process in
industrial contexts?

RQ3: How do exoskeletons influence production efficiency in terms of time and working quality?

The remainder of the paper is structured as follows. Section 2 explains the methodol-
ogy used for the literature review. Section 3 reports the descriptive analysis, while Section 4
reports the content analysis. Section 5 discusses the main results derived from the literature
review and the answers to the research questions. Finally, Section 6 provides a future
research agenda and conclusions.

2. Methodology

The literature review presented in this paper has been conducted following a process
based on the guidelines suggested by Tranfield et al. [31]. Figure 1 reports the research
selection process. The literature search was conducted in the Scopus, Web of Science
(W0S), and PubMed databases, and no limitation on publication year has been imposed
(until 31 December 2022). Regarding the keyword identification process, we divided them
into two groups as reported in Table 1. The first set of keywords is related to the way
the literature refers to exoskeleton devices. In contrast, the second is associated with
the application field of interest of the current work. In particular, the literature refers to
exoskeletons also as ‘exosuit’, which is its synonym, or ‘softsuit’ when the device is made of
soft elastic components and structures. The second set of keywords is intended to address
the research of exoskeletons” application to the fields of manufacturing and logistics as
well as a more general term, such as industry, to include all industrial work and more
specific activity-related keywords, such as assembly, production, warehousing, and picking.
The keywords belonging to the same group are connected with an OR logical operator
aiming to enable their co-existence in the search, while the two groups of keywords are
connected with a logical AND operator. In this way, the research selects the studies related
to exoskeletal devices to which the literature refers to by the names of the first group and are
applied to the fields that the second group of keywords addresses. Initially, the research for
the two groups of keywords is carried out by analyzing their presence in the title, abstract,
and keywords of the existing literature.

Table 1. Keyword groups used for the research.

Group 1 Appellative Keywords Group 2 Field Keywords

“logistic * ‘manufacturing’ ‘industr *’

exoskeleton *” “exosuit *” “softsuit * . .
‘assembly” ‘production” “‘warehous *" “pick *’

Then, the identification queries are built to conduct the research in the three databases,
Scopus, WoS, and PubMed, according to their query format.

The literature research process is reported in Figure 1 and produced 1501 hints until
the end of December 2022. Then, the results have been limited to works written in English
and belonging to the subject areas of engineering, material science, social sciences, mul-
tidisciplinary, business, decision sciences, and economics, and duplicates were removed
bringing the numbers of papers to 897 to analyze. As defined in the introduction section,
we focus on passive exoskeletons for several reasons. Firstly, they are characterized by
a reliable mechanical actuation, easiness of maintenance, easiness of use, and lightness.
Furthermore, they do not have built-in actuators and sensors, so the cost is more attractive
than active exoskeletons. These features have allowed passive exoskeletons to be the most
used for industrial purposes [19]. For this reason, we considered only papers that clearly
investigate passive exoskeletons by reading the title and abstract. After this phase, the
number of candidate papers has reduced to 106. The research was enriched by a snowball
approach based on the studies already retrieved and analyzed. Finally, the number of
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papers considered for the in-depth analysis and full reading was 106 which reduces to 86
by excluding 20 reviews.

1
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Figure 1. PRISMA flow diagram of the review process (derived from Page et al., 2021 [32]).

3. Descriptive Analysis
In this section, the 86 contributions emerging from the selection process described
before are reported and classified. The distribution of publications over the years is shown

in Figure 2.
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Figure 2. Distribution of publications over time.
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As illustrated in Figure 2, an increasing interest has been detected in the research
community since the review by de Looze et al. [11].

Among all the works considered and classified here, only 30 out of 86 reported the
industrial sector on which they are focused. Furthermore, according to Figure 3, automotive
is leading with 19 publications, more than half of the total industrial studies. This proves
the growing interest in ergonomics in the automobile sector over the years to optimize
physical and mental workload [33].

Automotive
Manufacturing
Warehousing & logistics
Nautic

Aeronautic

M&L field
(I I I I I l

Food

Furniture

(=]
w

6 9 12 15 18 21

Number of papers

Figure 3. Field analysis for publications reporting industrial cases.

Additionally, a keyword analysis has been performed with VOSviewer based on bibli-
ographic data of the research results. The occurrence map shown in Figure 4 groups the
most frequent keywords. The size of the keywords circle varies according to their occur-
rence and the color changes based on the average publication year. Firstly, works focused
on exoskeletons in M&L systems were published before 2018 and they were focused on
simulation models to optimize workplaces by including ergonomics and fatigue aspects.
Then, usability and possible discomfort in using assistive devices as exoskeletons started
to be investigated in overhead works by measuring performances and conducting bench-
marking analysis. Electromyography tests are conducted aiming to investigate the effects
of wearing an exoskeleton while performing tasks as well as digital twin methods, such as
simulations. However, motion tracking and posture tracking are not so much investigated
until now. Finally, in 2022, human-machine interaction while using an exoskeleton has
been investigated [28]. Considering the field in Figure 4, we can see that previous works
focused on the automotive, aircraft, electric, and aircraft fields.

More than half of the contributions (54 out of 86) assessed the exoskeletons in different
tasks, highlighting the interest and efforts put into physically testing their behavior. In ad-
dition, interest is posed in guidelines and methodological criteria in 21 publications which
try to develop standard methods or instruments to test, measure, and implement them
in industrial scenarios. Six works focus on simulating exoskeleton effects through digital
modelling with software, such as Siemens Jack, Delmia, and AnyBody. Two frameworks
and three surveys are also reported.

The following subsections classify all the 86 scientific contributions according to their
focus. In particular, the 54 assessment studies are clustered in a paragraph and subclustered
according to the task type where the exoskeleton is tested and the type of exoskeleton
used in performing the task. Moreover, the remaining 32 studies out of the 86 selected are
clustered as methodological, frameworks, simulation studies, and surveys.
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Figure 4. Keywords map made with VOSviewer. Colours change according to the average publica-
tion year.

Finally, Figure 5 reports the distribution of the different methodological approaches
applied by the 86 selected publications.

® Guidelines and
methodological criteria

= Simulation

= Framework

Survey

= Assessment

Figure 5. Methodological approaches distribution overview.

4. Content Analysis
4.1. Task-Based Categorization

In this section, the 54 assessment articles reported in Figure 5 are categorized according
to the task executed by the worker while wearing the exoskeleton. Six main tasks have been
identified: no-overhead assembly, overhead assembly, manufacturing, material handling,
order picking, and motion-related tasks. The last category considers generic movements,
such as raising the arms or walking which can be considered as a part of the assembly,
manufacturing or picking activities as well as part of all-day activities. The task considered
were also labeled as static when the joint supported by the exoskeleton was not moving
during the task (i.e., when the shoulder joint is held in an overhead position during the
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task when an upper-limb exoskeleton was under investigation) and considered as dynamic
when the supported joint is required to move during the execution of the task. Another
recurrent labelling of the task is whether they are simulated or real. It is considered as
“simulated” when a task that is performed in a laboratory to simulate a real task (i.e., when
screwing is carried on a mock-up panel designed ad hoc for the experiment), while it is
considered as “real” when every task executed in the shop floor and also a task performed
in laboratory settings but on the real product on which the task is focused (i.e., the riveting
on a part of an airframe is considered real also if performed in the laboratory even if it is
not carried on the shop floor).

Figure 6 shows the balance between the different tasks on which the 54 assessment
papers focus.

Studied tasks

75
15 ‘
13
u No-overhead assembly = Overhead assembly Manufacturing
Material handling = Order picking = Motion Related

Figure 6. Distribution of the tasks studied by the 54 assessment papers.

Table 2 summarizes the number of studies according to the type of exoskeleton classi-
fied by the supported body region deployed and the grouping of tasks. From this table,
it is possible to see the trends in the deployment of the different exoskeletons to perform
other tasks. The total number of each column may not be the same as Figure 6, since in
some studies, more than one exoskeleton has been tested in the same work (i.e., in the
same manufacturing tasks upper-limb and tool-support exoskeletons have been tested and
different back-support exoskeletons have been tested in a single study).

Table 2. Categorization of the exoskeletons tested by the selected papers in relation to the body
region supported and task type. Cell colour intensity increasing according to reported number.

Body Region . .
Supported by 1. No-Overhead 2. Overhead 3. Manufacturing 4. Mate.rlal 5. Order Picking 6. Motion-Related
Assembly Assembly Handling Tasks
the Exoskeleton
Back 4 0 1 11 7 2
Upper limb 2 7 11 4 2 B)
Tool Support 0 0 0 0 0
Lower limb 5 0 1 0 1 1

Furthermore, we identify the commercial or prototype exoskeleton, and we provide
the clustering of tasks according to them. We can see from Table 3, the Laevo exoskeleton is
widely investigated for material handling and order-picking tasks, since it leads to some
benefits in the back. By moving on the upper limb, Levitate and ShoulderX are the leaders
for overhead assembly tasks. However, it is necessary to say that they have been in the
market for several years despite other new devices. Finally, the lower extremity and tool
supports are not widely investigated as well as the back and upper extremity ones. The
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reason is that injury risks and musculoskeletal disorders involve the back, shoulders, and
arms majorly as also reported by de Kok Jan et al. [34].

Based on this assessment, the methodology used to assess the benefit of the exoskele-
ton has also been investigated. We found seven different methods that have been used.
Electromyography (EMG) is widely used for laboratory tests to quantify muscle engage-
ment while performing tasks with and without exoskeleton support. However, it is a
method that cannot be applied in an industrial environment due to the need for a team of
experts to position the sensors on the tested person. Subjective evaluations consist of ques-
tionnaires generally developed in house and, in other cases, NASA-TLX questionnaires or
Borg-Score are considered. In addition, some studies investigate the effects of exoskeleton
wear by focusing on heart rate variation or oxygen consumption. Several works explore
variations in ergonomic posture and range of motion through motion capture systems.
Finally, some time performance measurements regarding task completion or endurance
time while performing tasks have been conducted. Table 3 reports the studies that have
assessed each exoskeleton for the identified tasks while Table 4 reports the methodological
approach frequency applied in the selected studies to assess one of the categorized tasks.

Table 3. Paper categorization according to the task performed and the exoskeleton investigated in

the paper.

Type of Task

1. No-Overhead 2. Overhead 3. Manufacturin: 4. Material 5. Order Pickin 6. Motion-Related
Assembly Assembly . 8 Handling . 8 Tasks

Laevo [35-37] [38-43] [44-47]
Paexo back [48]
BackX [37,49] [50]

Exoskeleton Name

Flx ergoskeleton [51,52]
V22 [51]

Paexo soft back [47]
[47]

Rakunie
Atlas [47]

Flexible .
prototype beams [53,54]

IPAE [55]
Hero Wear Apex [56]
Levitate [57-61] [33,62]
ShoulderX [63-67] [68]
Mate [69] [58] [67]
Eksovest [70] [71] [72-75]
Skelex [76] [63,74,75,77] [68]

H-VEX [78]
1Iuvo [79]
Paexo shoulder [67,74,75] [80]

Crimson Dynamics [76]

Exhauss Stronger [81]

Fawcett + ZeroG [65,73]

Fortis + arm [65,73]
Chairless chair [82-84] [85]
LegX [86]
CEX [87]
Daedalus [47]

Leg prototype [88]
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Table 4. Assessment methodology application according to the task performed. Cell colour intensity
increasing according to reported number.

Assessment Methodology

Type of task

Subjective Heart Rate Oxygen Postural Rang.e-of- Time
EMG . . . . Motion Performance
Evaluation Evaluation Consumption  Analysis .
Analysis Measurement
1. No-overhead 8 0 0 3 1 4
assembly
2. Overhead 2 7 0 0 1 1 1
assembly
5 Manuacring (S 0 i 0 0 0 3
4. Material Handling 8 9 2 2 6 4 5
5. Order Picking 3 5 1 0 1 0 0
6. Motion-related 1 0 0 B) 1 0

4.1.1. No-Overhead Assembly

Candidates for exoskeleton deployment are no-overhead assembly tasks in which
these devices are investigated in both real and simulated scenarios in 11 out of 54 assess-
ment studies (see Figure 6). The back-support Laevo exoskeleton was tested in simulated
and real tasks by Bosch et al. [35], Amandels et al. [36], Kim et al. [37], and Madinei
et al. [49]. The Laevo deployment led to a more than triplicated endurance time and up
to a 38% decrease in low back muscle activity in a static position, while it scored a 15%
reduction time for the real car assembly task but a lower muscle activity reduction (12%).
Furthermore, Kim et al. [37] and Madinei et al. [49] also tested the BackX back-support
exoskeleton recording up to a 47% muscle activity reduction in the trunk. In real tasks,
the muscle reductions are lower than in the simulated ones due to the natural movement
variability of the shop floor context. In addition, the users report discomfort in areas of con-
tact between the chest and thighs with the exoskeletons. The Chairless Chair, a lower-limb
exoskeleton, is assessed by Luger et al. [82,83] and Groos et al. [84] in simulated assembly
tasks, such as clip fitting and cable mounting. Relative stability decreased by 27%, while the
exoskeleton carried 64% of users’ weight. Despite a 25% decrease in gastrocnemius muscle
activity, the quadriceps increased their engagement by 135%. The users reported general
discomfort, safety concerns, and a bad rating in the treadmill walking test. Still, they also
recognized the overall benefits of exoskeleton utilization. Hyundai designed and tested
two lower-limb exoskeleton prototypes called CEX which received better user feedback
on its new version [87]. Yan et al. [88] proposed a prototype scoring a five-times increase
in endurance time, passing from 2.76 when unsupported to 13.58 min with exoskeleton
support while performing static mid-sitted assembly tasks. Moreover, Pacifico et al. [69]
compared the effects of the MATE, an upper limb exoskeleton, in enclosures assembly tasks
in both simulated and real scenarios. Technology perception was improved in the real
version of the task despite a decrease in muscle activity concerning the simulated version
due to the unavoidable variability experienced in the field. Finally, Kim et al. [70] per-
formed a long term 18-month study of an upper limb exoskeleton (Eksovest) in automotive
assembly facilities finding that MDS scores did not differ significantly between the EXO
and control groups.

4.1.2. Overhead Assembly Tasks

In overhead assembly, upper limb exoskeletons have been investigated, and 7 out
of 54 studies have been reported in Figure 6. From this set of papers, 5 out of 7 studies
have been conducted in the automotive industry. Spada et al. [57], Iranzo et al. [58],
Carnazzo et al. [59], Groos et al. [60], and Masood et al. [61] tested a Levitate Airframe in
both simulated and real tasks in FCA and PSA. The time and quality improved during
simulated static holding tasks while reaching a 34% and 18% muscle activity reduction on
deltoids and trapezius, respectively, for real tasks. Users raised concerns about interference
between the exoskeleton and the car frame when performing real tasks, the potential range
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of motion limitations and thermal discomfort with the exoskeleton’s prolonged use. Still,
the overall support of the device is judged positively with a lower mental and physical
load. Carnazzo et al. [59] also recorded the same user feedback for the MATE upper-limb
exoskeleton which involved 135 workers from different cultures and plants worldwide.

An interesting study came from Ford, where an Eksovest upper limb exoskeleton was
tested in an overhead assembly station. During a three-month test, the operators (4) were
free to use the exoskeleton during their shift and asked to document their usage pattern
and the reasons for not using it when they decided to. Users reported a high decrease
in neck and shoulder discomfort and felt more productive. Overall, the exoskeleton was
used 7.7 h per day, and thermal discomfort was the most common reason for not using
the device. When asked if they would continue to use the ASE if given the opportunity,
all participants answered yes with an estimated mean daily usage of 7.6 h. No additional
discomfort was reported in the legs after prolonged use except for a participant 155 cm
tall that withdrew due to fit issues and discomfort [71]. Skelex and Crimson Dynamics,
two upper-limb exoskeletons were tested in the exhaust assembly process under the car
body after the powertrain was merged into the chassis. In these situations, the car cannot
be tilted due to the fluids already being filled, so the operators need to work overhead. The
strain perceived by the users was reduced by 20% [76].

4.1.3. Manufacturing Tasks

Naval and aeronautical industry investigated tasks, such as welding, sealing, sand-
ing, riveting, drilling and screwing, which can be categorized as manufacturing tasks in
13 papers out of the 54 analyzed (see Figure 6). Moyon et al. [77] recorded a 13.5% reduced
cardiac cost in workers performing overhead sanding operations of boat body construction
supported by the Skelex upper-limb exoskeleton. Skelex also performed well in naval
welding operations as reported by Mouzo et al. [63] which tested the upper-limb Shoul-
derX exoskeleton too. They found improvements in muscular activity, metabolic cost, and
driving torques, while the task completion times did not always improve. Pillai et al. [86]
tested the LegX in simulated panel working and sustained groundwork, requiring the
prolonged static holding of the squatted position. EMG measures for the leg muscles and
erector spinae were performed. Quadricepses activity reduced to 57% in the most static
task and 22-55% in the more dynamic task, while other muscle groups did not show any
significant activity variation. Gonsalves et al. [50] studied the behavior of the BackX in
rebar work tasks, finding a decrease of up to 50% in task completion times without finding
any significant variation in muscle activity. Users reported lower discomfort in the back
region but increased pain in the chest region, where the chest pad transfers the supportive
force to the body. Finally, Eksovest, Skelex, and Paexo Shoulder were tested in airframe
operations of riveting and sealing, reaching a reduction up to 15.7% and 9.3%, respectively,
in anterior and medial deltoids activity showing also an increase of 7.6% in biceps activity.
The exoskeletons were found beneficial by the users for the riveting task while did not
perceive benefits for the sealing activities [74,75].

Other studies focused on drilling and screwing and performed the tests in simulated
laboratory configurations with the operators supported by upper-limb or tool-carrying
exoskeletons. Fortis and Fawcett with ZeroG arm, two tool-carrying exoskeletons, were
tested by Alabdulkarim et al. [73] and Alabdulkarim and Nussbaum [65] in a laboratory
simulated task recording an increase in errors with respect to the same task performed with
the support of classical upper limb exoskeletons, such as ShoulderX. This is because the tool-
carrying arm is latched to the trunk and follows its movement. ShoulderX and other upper-
limb exoskeletons, such as MATE, Eksovest, and Paexo Shoulder, were also tested in drilling
and screwing tasks by Kim et al. [72], Van Engelhoven et al. [64], and Pinho et al. [66,67]
showing shoulder muscle activity decreasing from 32% up to 70%. An 18.9% reduction in
task completion time was recorded in overhead drilling and wiring tasks supported by the
Eksovest as well as increased error rates explained by the decrease in proprioception that
could be restored with training [72]. Furthermore, increased muscle activity is detected in
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the triceps which are used to extend the arms in a downward movement pushing force
against the support of the exoskeleton. In 2019, Hyundai designed the H-VEX, an upper
limb passive exoskeleton, for its industrial plants. Despite achieving a 70% reduction in
shoulder muscle activity, the erector spinae (back erector muscle) activity increased by 97%
in overhead drilling tasks [78].

4.1.4. Material Handling Tasks

Focusing on material handling tasks, 15 papers out of 54 have been reported in
Figure 6. From this set, five out of fifteen studies were conducted in the automotive indus-
try while only one was in the logistics sector (warehousing). The tasks considered in this
section include repetitive lifting and lowering, static holding of a load, and depalletizing.
Gilotta et al. [33] and Spada et al. [62,79] tested Levitate and IUVO, two upper-limb exoskele-
tons, in laboratory-simulated material handling tasks. The time performance increased
by 56% on the static holding of the arm at shoulder level and precision grew up to 33.6%,
suggesting an increase in endurance capabilities in shoulder holding at height. However,
no improvement in repetitive lifting was achieved (dynamic engagement of the supported
joint), and the operators noticed the help in raising the arms but complained that they
had to push against the exoskeleton to lower them. Another upper-limb exoskeleton, the
Exhauss Stronger, was tested by Theurel et al. [81], finding reduced activity on deltoids but
increases in anterior tibialis muscle, erector spinae as well as the well-known increment in
triceps activity. The users accepted the exoskeleton well but underlined that it could not al-
ways fit real tasks and that its use should be non-mandatory. Picchiotti et al. [51] tested two
StrongArm exoskeletons, the V22 and Flx, in material handling tasks using an EMG-driven
biomechanical model of the spine implemented in Adams to predict stresses in the L5/51
joint. The moment arm between the center of the mass of the torso and the L5/51 joint
remained the same, resulting in unvaried stress in the spinal joint with both exoskeletons.
Fix limited the back’s range of motion when the user tried to perform incorrect movements
and had a 20% increment in task performance time [52]. Coming to back-support exoskele-
tons, the Laevo was tested in both simulated and real tasks. Flor et al. [38] concluded that
the exoskeleton was best preferred in the workstations with tasks characterized by heavy
lifting and a low mobility diversity tending to the static posture, with participants from
all tested workstations reporting general help provided by the exoskeleton in performing
their tasks. Similar conclusions about the better performance of the Laevo in static tasks
were found by Giustetto et al. [41] and dos Anjos et al. [42], finding lower discomfort,
doubled endurance times, and up to 10% decrease in back muscles activity against the
8.5% decrease as the only benefit in dynamic tasks. Dynamic tasks supported by Laevo
were studied by Luger et al. [39,40] and Iranzo et al. [43] who found decreased heart rate
(105-110 bpm), increased hip and knee flexion, and hip and trunk extensors. Trunk activity
decreased up to 28% and an increase of 8% in task completion time was recorded as well
as a slight reduction in range of motion due to the constriction given by the exoskeleton.
Schmalz et al. [48] assessed the newly introduced back-support Paexo Back in material
handling tasks, finding a 9% reduced oxygen consumption with muscle activity in the back
and thighs, reduced by up to 18% and reduced peak and mean compression forces at L4/L5
(21%) and L5/S1 (20%). Moreover, Qu et al. [55] assessed an IPAE exoskeleton: similar to a
classical back support device with the additional insertion of two ropes from the shoulder
structure to the hands, which allows for carrying the load bypassing the arms. In isolated
lifting, the primary outcome was reduced erector spinae activity by 26%. In contrast, the
most EMG reductions for dynamic lifting occurred in the mid deltoid and labrum biceps
with 32.3% and 38.1% showing effective relief of the arms. No differences were found in
oxygen consumption, and users reported pressure on the shoulders, wrists, and thighs.
Finally, a modular soft suit called Hero Wear Apex was investigated by Yandell et al. [56]
in a distribution center for different real activities. Reductions in back muscle activity were
detected at around 10%, and workers were satisfied with the soft suit that reported being
assisted, comfortable, and free to move naturally.
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4.1.5. Order Picking Tasks

Regarding order-picking tasks 5 out of 54 studies are available in our selection (see
Figure 6) and 4 of them were carried out in real scenarios. Order-picking tasks consist
of “retrieving products from storage (or buffer areas) in response to a specific customer
request” [89]. The exoskeleton used in all the works described in this section is the Laevo.
Motmans et al. [44] studied the exoskeleton’s effects on order-picking activities in a dairy
company. The activity of the erector spinae was reduced by 9-12%, and the workers
reported a better perceived physical workload, but they also reported the necessity of higher
energy for performing the downward movement by putting force against the exoskeleton.
Furthermore, the exoskeleton rods collided with the pallet jack while performing tasks.
The Laevo exoskeleton had good feedback for order-picking tasks also in the studies of
Kinne et al. [45] and Cardoso et al. [46]. NASA TLX subdimensions decreased when using
the exoskeleton except for the mental workload which had a slight increment. The task
was also perceived as more effortless when performed with the exoskeleton. The users
also reported interference, movement limitations, and discomfort in the neck, shoulder,
thoracic region, hips, and thighs. Moreover, Siedl et al. [47] proposed a questionary-based
survey on supermarket order-picking activities performed with different exoskeletons.
They tested Laevo, Daedalus (lower-limb support), Atlas (upper-limb support), Rakunie
(entire body elastic slings), and the Paexo soft back (back lumbar support band) from 0.5 to
7 h in different individuals. Soft exoskeletons were perceived better, having higher user
scores in the questionnaire. Finally, de Bock et al. [68] tested two upper limb exoskeletons,
the ShoulderX and the Skelex, in order-picking activities in a windshields warehouse.
Conditions with and without exoskeleton were tested both in isolated and real-world
scenarios. They showed that while for isolated tasks, the reductions in trapezius activity
were up to 46% with ShoulderX and 30% with Sklelex, the reductions in real-world tasks
were lower: from 8% to 26%. The study shows that laboratory results cannot be transferred
to all field conditions, and caution is needed when interpreting laboratory-based data.

4.1.6. Motion-Related Tasks

As reported in Figure 6, only three studies performed exoskeleton evaluation in
different tasks and other ways than the ones cited to this point. Néf et al. [53,54] designed a
back-support exoskeleton with a supportive, flexible beam aligned with the spine. They
compared it to the Laevo in different movements, such as lower lifting, forward bending,
walking, sitting, trunk rotation, squatting, trunk bending, and wide stance. The newly
designed exoskeleton was better perceived concerning Laevo in most movements and
increased the range of motion by 25%. Finally, Latella et al. [80] analyzed whole-body joint
torques thanks to a probabilistic estimator running with an inertial motion capture system
in the overhead position. They tested the effects that the Paexo shoulder exoskeleton has
on joint torques showing their reduction, from 66% to 86%, on the upper body, while an
increase in effort is detected up to the hip level.

4.2. Guidelines and Methodological Criteria

According to Figure 5, 21 contributions out of 86 focused on providing methodological
standards for selecting and assessing exoskeletons. In this section, the different works
are discussed and grouped based on the topic they tackle. From an economic point of
view, Todorovic et al. [90] proposed a review of monetary and non-monetary methods for
technology evaluation that could also be suitable for exoskeletons. The technique suggested
the “as is’, ‘the should’ be, and the benchmarking phase. Relevance is given to exoskeleton
evaluation with the study by Hein and Lueth [91] that focuses on user acceptance aspects
and describes the classification of evaluations for user acceptance using the criteria of the
target, type, test environment, and measuring tool. Additionally, Ralfs et al. [92], more in
general, propose a 7-step model for comprehensive evaluation of industrial exoskeletons:
characterization, preparation, pre, core, and post-evaluation, analysis, and reflection, also
proposing a test course made of different situations to assess the exoskeletons. Furthermore,
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de Looze et al. [93] offer a three-stage approach for measuring usefulness (potential fit),
workload reduction effect, user acceptance, performance, and fatigue during the day. The
three-stage method consists of field observation for assessing the fit to the task, a controlled
experiment for determining effects on musculoskeletal systems, and a field study to under-
stand the impacts of the exoskeleton on the shop floor. Toxiri et al. [94] underline the need
for a standard. They suggested that a list of standard specifications for each exoskeleton
should be critically evaluated to support deployment decisions in the industry. Addition-
ally, an effort to reach a standard evaluation method was conducted by the NIST (National
Institute of Standards and Technology) to develop a standard reconfigurable testbed for
testing exoskeletons in different standardized industrial tasks [95]. Several important
factors are given to the exoskeleton selection process which has to consider the workplace,
the compatibility of the task and its impacts on the production system, and an ergonomic
index approach [96-100]. Grazi et al. [101] and Hefferle et al. [102] gave an overview
of the technologies involved in studying exoskeletons over the years, highlighting the
importance of setting a standard of common evaluation methods for lumbar exoskeletons.
The digital simulation could help to evaluate the impact of exoskeletons on production
systems after collecting enough data on parts, tools, and cycle time to prepare and run
it [103]. Then, if the simulation results show beneficial impacts, final recommendations,
such as the layout or production schedule, could be provided [104]. From a mechanical
point of view, Hartmann et al. [105] developed a cheap test bench for mechanically testing
upper limb exoskeletons, proposing a new standard for benchmarking. They mapped the
mechanical responses of the MATE upper-limb exoskeleton in both static and dynamic
loading. Finally, attention is also paid to analytical methodologies to predict the effects of
exoskeletons on the human body. Zelik et al. [106] modified the LIFFT equations (lifting
fatigue failure tool) to estimate the impact of the back support exoskeletons in the low back.
They decreased the peak moment in the input to the equations by the amount of torque
provided by the exoskeleton, making these equations able to estimate the cumulative dam-
age and the risk of low back disorders considering exoskeleton support. Moreover, another
modification proposal on an existing ergonomic equation is proposed by Chini et al. [107].
After a static assessment of a back support exoskeleton, they suggest that reductions in
back muscle activity could be taken into account by a multiplicative factor in the NIOSH
equation. Moreover, Ralfs et al. [108] present a concept of a generic decision support matrix
for exoskeleton and, in general, other technologies selection based on properties of tasks,
work profiles, and system characteristics. Weckenborg et al. [109] propose an assembly line
balancing method. They consider cobots and exoskeleton-supported workers, assuming
no time impacts of the exoskeletons but an energy expenditure reduction of 20% and their
cost. Finally, Schwerha et al. [110] tested the intention to use Eksovest, Levitate, BackX,
and Laevo by testing them with fifteen operators from five companies employed in other
manufacturing activities. As a result of the surveys, they proposed a decision tree be used
as a predictor of the intention of the exoskeletons to use.

4.3. Simulation Studies

As shown in Figure 5, 6 studies out of 86 paid attention to digital simulation processes.
Simulating the scenarios ‘as is” and ‘to be” with exoskeleton deployment could generate
results that could support effective deployment decisions [111]. Constantinescu et al. [112]
presented the concept of a modified Siemens Classical Jack paired with a RoboMate ex-
oskeleton and then simulated three simple car assembly tasks. Spada et al. [85] simulated
the interactions between the human body and a lower-limb exoskeleton: the Chairless
Chair. The biomechanical model in AnyBody software predicted the weight balance be-
tween the feet and exoskeleton. Constantinescu et al. [113] focused on the challenges
of making digital twins of exoskeleton-centered workplaces. The Classical Jack source
code must be modified to pair the kinematics and dynamics of the digital mannequin to
the digital exoskeleton model to enable the simulation to run itself instead of manually
updating geometrical and force parameters as it is usually conducted. Rusu et al. [114]
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highlighted the necessity to modify Classical Jack or Delmia to integrate the exoskeleton
in the simulations to directly consider its impact on forces and torques and pair a motion
capture instrument, such as Xsens, to move the simulations. At this date, exoskeletons are
only graphically paired with the humanoid without any kinematic or dynamic constraints.
The exoskeleton load reduction effect on the mannequin is obtained by manually reducing
the carried load. This approach has a poor impact on the joints that are not interested in
exoskeleton support, resulting in a nonrealistic simulation. Rivera et al. [115] proposed
an automated virtual mannequin with simple instructions, a well-known behavior, and a
realistic musculoskeletal system model necessary to calculate forces for simulating human-
exoskeleton interaction. Using positions as input to the virtual exoskeleton should be
possible to calculate the forces to apply to the mannequin and to calculate newly derived
postures in the back loop.

4.4. Framework and Survey

In this section, the papers focused on surveys and frameworks are discussed. As
reported in Figure 5, 3 surveys and 2 frameworks have been proposed over the 86 studies.
With their survey, Reid et al. [116] offered different windows on different industries. In
this work, different authors from the military, medicine, university, aerospace, naval, au-
tomotive, and ergonomic fields explained open questions and state-of-the-art industrial
exoskeletons in their areas. Another survey interviewing 26 construction industry repre-
sentatives about the potential deployment of exoskeletons suggests a lack of cost-benefit
analysis, compatibility of exoskeletons with other personal protective equipment (PPE),
specific benefits, and long-term effects [117]. Then, Schwerha et al. [118] surveyed small
and medium enterprises in the US to study the adoption potential of exoskeletons. Levitate,
Eksovest, BackX, Laevo, and ZeroG were presented in focus groups. The exoskeletons were
judged positively, but concerns were raised about how to implement them, how much
time to wear, and who and how they are distributed. From the framework perspective,
Karvouniari et al. [119] proposed a theoretical framework for integrating exoskeletons in
manufacturing lines composed of three services: exoskeleton virtual prototyping, simu-
lation decision support, and operator training. Finally, Elprama et al. [120] proposed a
framework for studying user acceptance derived from a literature review and addressing
the main factors of acceptance.

5. Discussion and Future Research Agenda

This section discusses the main findings of the analyzed papers and their investigation
methods by answering the research questions we proposed in the introduction section.
Moreover, a future research agenda is proposed at the end of the section.

5.1. RQ1: Which Manual Tasks Can Be Supported by Passive Exoskeletons and Which Methods
Have Been Applied to Assess Their Performance?

We note that most of the publications discussed before proposed simulated tasks
instead of real case study analysis. This represents a strong limitation because laboratory-
based research cannot record the natural variability of movements and complexity char-
acteristics of the real scenario. This could lead to an overestimation of muscle activation
reduction for simulated tasks that may be lower when applying the exoskeleton to a real
environment [36]. Real scenario-based studies recorded a general reduction in lower muscle
activations compared to studies conducted in laboratory settings with simulated tasks.

Most of the evaluation studies testing exoskeletons in users investigated the effects
of male groups as a test sample [13,23]. Since men and women have different physical
characteristics, and since the transition to human centricity with the concept of industry
5.0, more research needs to be carried out for the use of exoskeletons by women to evaluate
their physical and psychological responses and drive design improvements if necessary.

Subjective evaluation of exoskeletons could vary between different ages and experi-
ences of workers. Social aspects come into play related to others’ judgment towards an
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individual who decides to use the exoskeleton or after the imposition of its utilization,
making acceptability a critical aspect [33]. Since then, future evaluations must consider a
test sample capable of covering different ages and levels of experience to generalize the
results to a broader part of the working population.

Finally, after reliable data on the impact of exoskeletons on both industrial and physical
aspects, methods and models could be developed to understand for which tasks and
workers the exoskeletons are necessary.

The 30 exoskeletons used in the 54 studies reporting an assessment analysis are classi-
fied in a matrix (Figure 7) that could be useful for understanding their maturity level and
the gaps that need to be studied for each. Each row represents an exoskeleton. In columns,
we report the type of task performed as well as the assessment methodology they used. In
several studies, more than one exoskeleton has been investigated as well as more than one
assessment methodology has been adopted. By this matrix, the interest and maturity levels
could be easily seen by the number of studies each device has. The classification is led by
the Laevo back support exoskeleton which has been studied more than twice concerning
the second exoskeleton in the list. The FLEX version of Laevo received the official European
Union certification as Personal Protective Equipment (PPE) in April 2022 [121]. It can be
also observed that the most used assessment methods are electromyography and subjective
evaluation. Very few researchers used heart rate analysis and oxygen consumption which
can be helpful for a general evaluation of the overall physical effort. Moreover, postural
analysis has been conducted mainly for Laevo’s exoskeleton.

Furthermore, digital simulation appears to be not studied as much despite having
shown its potential to correctly predict load balancing between humans and exoskele-
tons [85], and its potential use to simulate the pre- and post-exoskeleton deployment effects
in the manufacturing industry [111]. Finally, a crucial parameter for productivity evalua-
tions, such as time performance measurement has been studied only for nine exoskeletons,
of which eight are commercial models. These measurements, focused on time performance,
were more used for the Laevo exoskeleton for five different studies on this aspect. Work
on this aspect is still needed to have data to assess the tangible and mesasurable impact of
exoskeletons on productivity and future decision making.

A final remark is necessary regarding the development of the EU normative panorama.
No specific regulations were developed for exoskeletons, and uncertainties, such as long-
term effects, create difficulties in creating a uniform certification protocol that requires
more exhaustive studies [122]. However, the European Agency for Safety and Health at
Work provided a report with existing international standards on the topics of physical
dimensions and operator strength, space for movement, work rate, concentration, and
human/machine interface which could help exoskeleton designers [123].

5.2. RQ2: How the Workers” Height and Waist Size Influence the Exoskeleton Selection Process in
Industrial Contexts?

Exoskeletons are wearable devices that need to be adjusted to the body of the operators
to fit them perfectly and make them comfortable. The fit to human anthropometric measures
plays a crucial role in the success of exoskeletons during their deployment since problems
with fit could cause discomfort and usability problems. For example, in [71] a worker
whose height was close to the minimum height the manufacturer declared his product could
accommodate withdrew from the three-month trial of the Eksovest, reporting fit problems
and discomfort. Since no further information was found in the literature regarding workers’
features, the answer to this question has been found by analyzing the manuals and the
manufacturer’s websites for each of the exoskeletons found during this review. In Table 5,
relevant fit data about each exoskeleton considered in this review are reported. Some
data are missing, and the conclusions about adjustability were carried out by analyzing
the pictures of the exoskeletons. When the photographic analysis was not possible or
no adjustment possibilities were found, the anthropometric field was flagged with NF
(not found).
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Type of task Assessment Methodology

¥ Real tasks Simulated tasks | Dynamic tasks | Static tasks EMG :z‘:f:;':;/: g:;:ﬂ:?;: cori’\‘l)rlr%;:on E:Z;;:il moﬁg:g:n:li sis perg):nn:mce

measurement
Laevo 5 5 1 0 8 5 5
Levitate 7 3 4 3 4 2 7 0 0 1 1 2
ShoulderX 6 1 5 2 4 6 3 1 0 0 0 1
Eksovest 8 3 5 4 4 5 8 0 0 2 1 2
Mate 4 2 2 1 3 2 1 0 0 0 0 0
Skelex 6 3 3 2 4 4 5 2 0 0 0 1
Chairless Chair 4 0 4 1 3 1 3 0 0 0 0 0
BackX 3 0 3 0 3 2 3 0 0 0 0 1
Fawcwett + ZeroG 3 0 3 0 3 2 3 0 0 0 0 0
Fortis+arm 2 0 2 0 2 2 2 0 0 0 0 0
Prototype Flexible beams 2 0 2 1 1 0 1 0 0 2 2 0
Paexo shoulder 3 0 3 2 1 1 0 0 0 1 0 0
Flx ergoskeleton 2 0 2 2 0 2 2 0 0 2 2 1
V22 2 1 1 2 0 1 1 0 0 1 1 0
H-VEX 1 0 1 0 1 1 0 0 0 0 0 0
IUVO 1 0 1 1 0 0 1 0 0 0 0 1
Crimson Dynamics 1 1 0 0 1 0 1 0 0 0 0 0
Deadalus X 1 1 0 1 0 0 1 0 0 0 0 0
Paexo back 2 1 1 2 0 2 1 1 1 1 0 0
Paexo soft back 1 1 0 1 0 0 1 0 0 0 0 0
Rakunie 1 1 0 1 0 0 1 0 0 0 0 0
Exhauss Stronger 1 0 1 1 0 1 1 1 0 1 1 0
LegX 1 0 1 1 0 1 0 0 0 0 0 0
IPAE 1 0 1 1 0 1 1 0 1 0 0 0
Leg prototype 1 0 1 0 1 1 1 0 0 0 0 1
CEX 1 0 1 0 1 0 1 0 0 0 0 0
Hero Wear Apex 1 1 0 1 0 1 1 0 0 0 0 0
Atlas 1 1 0 1 0 0 1 0 0 0 0 0

Figure 7. Maturity level matrix related to the 54 papers focused on assessment study depicted in
Figure 5.

The tendency found in Table 5 is that manufacturers try to accommodate most human
anthropometrical characteristics by including many sizes in a few models or following
the one-size-fits-all philosophy by designing devices with high adjustability. This design
philosophy reduces internal variety and management complexity from the manufacturer’s
point of view but may lead to situations where some individuals cannot be accommo-
dated [71]. HeroWear adopted an exciting design approach, offering more than 50 possible
combinations and specific fits for men and women.

5.3. RQ3: How Do Exoskeletons Influence Production Efficiency Regarding Time and
Working Quality?

There are only thirteen assessment studies considering this aspect, and only three
evaluated time performance in real tasks. The literature found two main ways to intend the
time performance. One of these two methods measures the time to complete an assigned
task, and the more it decreases with the support of the exoskeletons, the higher is considered
the performance. Another way to interpret this concept when the assigned tasks require a
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static holding of the joint supported by the exoskeleton is to measure the endurance time the
user affords to hold the position until he feels comfortable. In this case, the performance is
improved with the increase of the endurance time. Exoskeletons seem to perform very well
in supporting static positions. In fact, endurance time was triplicated with a back-support
exoskeleton (Laevo) in static forward bending [35]. Similar results to Bosch et al. [35] were
found by Giustetto et al. [41] who found a two times increased endurance time in static
forward-bending work. Another increase in endurance time for the static holding of a
position has been found by Yan et al. [88] with the aid of a leg support exoskeleton prototype
for assembly tasks in a squatted position with the endurance time passing from 2.76 to
13.58 min. Furthermore, Spada et al. [57,62,79] also found improvements in shoulder static
holding endurance time between 31.6% and 56% while using the upper limb exoskeletons
Levitate and IUVO with also a 17.5% improvement in quality. In contrast, errors increased
when wearing tool support exoskeletons for drilling tasks, and quality performance seemed
to depend on overall body stability [65,73]. Kim et al. [72] recorded a decrease of 18.9% in
completion time for simulated drilling tasks in overhead position with Eksovest support,
but the number of errors increased. Most task completion time performance enhancements
are found in manufacturing with 7-50% reductions in the completion time of rebar work
aided by the BackX exoskeleton [50]. Finally, in the work proposed by Mouzo et al. [63],
task completion time in overhead exoskeleton-assisted welding is not always reduced.

Table 5. Anthropometric fits of exoskeletons. (Measures in centimeters).

Exoskeleton

Min. Height Size Max. Heigh Size Min. Waist Size Max. Waist Size

Laevo (ref. to FLEX version)
Paexo back

BackX

Flx ergoskeleton

V22

Paexo soft back

Rakunie

Atlas

Flexible prototype beams
IPAE

Hero Wear Apex
Levitate
ShoulderX

Mate

Eksovest

Skelex (ref. to 1.4.2 version)
H-VEX

IUVO

Paexo shoulder
Crimson Dynamics
Exhauss stronger
RoboMate passive
Fawcett + ZeroG
Fortis + arm
Chairless chair
LegX

CEX

Daedalus

Leg prototype

150 200 34 (hip width) 43 (hip width)
S XL Adjustable Adjustable
5-95% of human dimensions
167 213 68 130
167 213 68 130
NA NA 80 140
148 195 71 128
170 185 Adjustable Adjustable
Adjustable Adjustable Adjustable Adjustable
Adjustable Adjustable Adjustable Adjustable
50+ module combination
157 183 Adjustable Adjustable
5-95% of human dimensions
160 190 Adjustable Adjustable
37 (torso length) 59 (torso length) 66 118
44 (torso length) 54 (torso length) 84 124
Adjustable Adjustable Adjustable Adjustable
160 190 Adjustable Adjustable
160 190 Adjustable Adjustable
165 195 Adjustable Adjustable
Adjustable Adjustable S L
NF NF NF NF
Adjustable Adjustable Adjustable Adjustable
162 193 Adjustable Adjustable
150 200 Adjustable Adjustable
Adjustable Adjustable Adjustable Adjustable
160 195 Adjustable Adjustable
NF NF NF NF
33 (thigh and leg) 43 (thigh and leg) Adjustable Adjustable

For dynamic tasks, there is not a clear trend showing the pros (or cons) on task com-
pletion time while wearing an exoskeleton. In such a context, some studies demonstrated a
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time reduction. Amandels et al. [36] measured a 15% reduction in a car assembly task com-
pletion time using a Laevo. Other studies identified an increase in time. Madinei et al. [49]
tested the BackX exoskeleton in simulated assembly tasks and they found an increase
of 7.6% in completion time for females while no changes are measured for men over an
average task time of 30 s. Ogunseiju et al. [52] recorded a 20% increase in completion time
for material handling while using Flx Ergoskeleton. Moreover, Luger et al. [39] found that
the time to complete lifting and fastening tasks with a Laevo exoskeleton increased between
2% and 8%.

Nevertheless, few works focused on time efficiency evaluation, andthree focused on
real tasks. More research is necessary to support decision-making regarding the deployment
of exoskeletons. Table 6 summarized the main findings of exoskeletons” influence on
time efficiency.

Table 6. Time efficiency main findings.

Publication Exoskeleton Task Type Findings
. Endurance time increased >3 X (from
[35] Laevo Static 3.2 t0 9.7 min)
[41] Laevo Static Endurance time increased &2 x
. Endurance time increased from 2.76
[88] Leg prototype Static to 13.58 min
[62] Levitate Static Endurance time increased 31.6%
[57] Levitate Static Endurance time increased 52.5%
[79] Iuvo Static Endurance time increased 56%
[72] Eksovest Static Completion time decreased 18.9%
[50] BackX Static Completion time decreased up
to 50%
[63] ShoulderX, skelex Static Completion tlrr}e not
always decreasing
[36] Laevo Dynamic Completion time decreased 15%
[49] BackX Dynamic Completion time increased 7.6%
for females
[52] FIx Ergoskeleton Dynamic Completion time increased 20%
[39] Laevo Dynamic Completion time increased 8%

5.4. Future Research Agenda

In order to better combine economic and social sustainability paradigms in the near
future and to enhance the exoskeletons adoption in the manufacturing setting, a future
research agenda divided in eight research challenges is provided below based on the gaps
detected in the discussion presented in the previous paragraphs.

1. More focus on in-field studies: The assessment studies classified in this review focused
more on simulated tasks than real ones with 35 studies versus 19, respectively. More
research is needed to clearly understand the impact of passive exoskeletons in the
real industrial scenario. From the literature emerges a different impact of passive
exoskeletons between real and laboratory-simulated tasks. In fact, Bosch et al. [35]
found a 38% decrease in low back muscle activity in simulated tasks while Aman-
dels et al. [36] recorded a 12% decrease for real tasks. This remarks that a real setting
can create working conditions able to generate the natural variability of movements
that cannot be captured in highly controlled laboratory settings [69].

2. Production efficiency impact of exoskeletons: Only 13 studies assessed the impact of
passive exoskeleton deployment on production efficiency. As emerged in Section 5.3
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and Table 6, the results are contrasting (i.e., [36,37]) and not sufficient to answer this
question. A challenging future research question will be the study of the effects of
passive exoskeletons on production efficiency in terms of both time performances and
quality variations. These parameters will be concurrent in productivity, economic
evaluations, and decision making.

Injury reduction rate estimation: Occupational injuries and WRMSDs generate absen-
teeism at work and all related costs for workforce management and re-scheduling
and loss of productivity if shifts remain unreachable due to the lack of personnel.
Managers could use these two parameters to better assess the exoskeleton deploy-
ment in factories and logistic facilities in the near future even if this approach is
time-consuming and requires longer testing times and several efforts by companies.
However, the literature analysis highlights the potential of passive exoskeletons to
limit local muscular activations, but it is not sufficient to unreservedly promote pas-
sive exoskeletons as a WRMSD prevention technology and more research is needed
in this direction [30].

Decision support system for accelerating decision-making: From a managerial point of view,
there is an urgent need to develop a decision support system to guide practitioners in
selecting the appropriate exoskeleton according to the tasks the workers are asked to
perform and on a robust cost/benefits analysis. Several efforts were made to provide
guidelines and methodological criteria as discussed in Section 4.2, but complete
industrial and cost-oriented approaches are not yet available in the literature also
due to a lack of different data mentioned also in the other open point of this future
research agenda.

Predictive biomechanical models: Muscle activation variations are one of the direct effects
of exoskeleton support on the human musculoskeletal system. Further research should
carefully address this aspect and provide new predictive biomechanical models to
enable musculoskeletal simulation for forecasting muscular effort given external load
and movement as inputs instead of limiting to the EMG measurement as previously
conducted by Troster et al. [124].

Long-term physical effects of exoskeletons: Lack of long-term testing and research is
also reported by the other reviews [15,16]. Since long-term effects on the human
body after prolonged use of exoskeletons are still unknown, new data on this aspect
will be essential for driving future developments and implementations in industrial
settings. Here, the cooperation between industry and academia will be crucial and
strategic. The available testing campaigns present in the published literature consider
a maximum length of exoskeleton usage of 7.7 h per day over three months of industry
testing [71].

Effect of exoskeletons on workers” diversity, comfort and technology acceptance: There is also
a need for future testing activities on balanced test samples in order to understand if
there are gender-based differences and guide future design developments of exoskele-
tons for gender equality. In the same way, also studies over test samples that cover a
broader range of experience levels and workers’ age will enable the generalization of
the results to a more significant part of the working population [24]. Moreover, the
integration of several key concepts from the human factors engineering discipline
will be strategic to assess exoskeleton use and benefits in the context of Industry
4.0. The available literature is still not effective to demonstrate if the workforce can
easily accept exoskeletons. To this purpose, the comfort level measurement needs to
be better and carefully assessed by future researchThe so-called “side effects of the
technology” need to be investigated also for exoskeletons since there might be side
effects associated with the comfort of straps and mass of the device when worn for an
entire working shift of 8 h.

Evaluation of the return on investment in exoskeletons: On the monetary side, none of the
retrieved works directly studied the return on investment (ROI). Todorovic et al. [90]
showed methods for the economic evaluation of technologies in the industry that
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could be suitable for assessments on the introduction of exoskeletons in industrial
contexts. Some relevant parameters that may affect the monetary aspect have been
found by analyzing existing works classified here. Time efficiency is a key and direct
parameter for evaluating the impact of exoskeletons on production efficiency. By influ-
encing task completion times or operator endurance in demanding static positions as
discussed in Section 5.3, exoskeletons could produce a tangible and measurable effect
on the overall throughput of a line. Moreover, the quality (the error rate in production)
could be affected by the utilization of exoskeletons and the impact on overall product
quality as shown by Kim et al. [72]. The loss of quality of the production process
could result in increased costs if the error rate increases and more products do not
pass quality control tests, making a rework activity necessary or a complete waste of
the products. Finally, the injury rate reduction will reduce absenteeism and all the
related costs sustained by both the company and the collectivity, and, on the other
hand, the loss of production and revenue.

6. Conclusions

In this review, 86 articles concerning passive exoskeletons application in logistics
and manufacturing settings have been selected, categorized, and analyzed. The retrieved
studies have been categorized by the authors according to their focus in groups divided into
guidelines and methodological criteria, simulation, framework, survey, and assessment
studies (see Figure 5). Furthermore, the 54 assessment studies that physically tested
the exoskeleton were further categorized according to the tasks they performed during
the experimental process: no-overhead assembly, overhead assembly, manufacturing,
material handling, order picking, and motion-related tasks (in Figure 6). The passive
exoskeletons, in this review, were classified according to the body regions they support and
the tasks they studied in the literature (in Tables 2—4). Furthermore, for each exoskeleton,
its anthropometric fit parameters have been provided (Table 5).

Additionally, a maturity level matrix to map the number of testing methodologies
applied for each exoskeleton has been reported in Figure 7. Different aspects have been
investigated for each exoskeleton, giving them different maturity levels. Even for a highly
studied exoskeleton, such as Laevo, gaps are detected, for example, the lack of data
related to time performance assessment and the total absence of studies focused on oxygen
consumption which can be related to metabolic cost and very helpful for decision making
support. Finally, a future research agenda has been proposed to address the main gaps to
fill for enabling effective decision support and deployment of passive exoskeletons in the
M&L systems.
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Appendix A
Table Al. Exoskeletons analyzed in the review. URLSs accessed on 20 June 2022.
Exoskeleton Name Link to Manufacturer Supported Body Part
Laevo www.laevo-exoskeletons.com Back
Paexo back https:/ /paexo.com Back
BackX www.suitx.com Back
Flx ergoskeleton https:/ /www.strongarmtech.com Back
V22 https:/ /www.strongarmtech.com Back
Paexo soft back https:/ /paexo.com Back
Rakunie www.moritall9.com Back
Atlas https:/ /www.exomys.com Back
Flexible prototype beams NA Back
IPAE NA Back
Hero Wear Apex herowearexo.com Back
Levitate www.levitatetech.com Upper limb
ShoulderX www.suitx.com Upper limb
Mate https:/ /mate.comau.com Upper limb
Eksovest https:/ /eksobionics.com Upper limb
Skelex https:/ /www.skelex.com Upper limb
H-VEX https:/ /tech.hyundaimotorgroup.com Upper limb
IUVO https:/ /www.iuvo.company Upper limb
Paexo shoulder https:/ /paexo.com Upper limb
Crimson Dynamics https:/ /www.c-dyn.com Upper limb
Exhauss Stronger https:/ /exhauss.com Upper limb
RoboMate passive www.robo-mate.eu Upper limb
Fawcett + ZeroG https:/ /tiffen.com Tool support

Fortis + arm
Chairless chair

https:/ /www.equipoisllc.com
www.lockheedmartin.com
https:/ /www.noonee.com

Tool support
Lower limb

LegX www.suitx.com Lower limb
CEX https:/ /tech.hyundaimotorgroup.com Lower limb
Daedalus https:/ /www.exomys.com Lower limb
Leg prototype NA Lower limb
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