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A B S T R A C T

Work-related Musculoskeletal Disorders (WMSDs) are the most common occupational diseases caused by the
prolonged performance of strenuous work, such as manual handling of loads or long-term maintenance of
incongruous postures. Different safety protocols are implemented to reduce WMSDs and optimize the working
environment, but one of the most promising solutions is using occupational exoskeletons (OEs). However,
to truly acknowledge the benefits of OEs and be able to introduce them into daily business use, devices
must pass several development and testing stages that determine the Technology Readiness Level (TRL). This
review study aims to present an up-to-date collection of the most advanced assessments of exoskeletons for
upper and back support, ranging from laboratory real-task simulations to operational scenarios in industrial
sites. To identify relevant studies, we conducted comprehensive searches across different electronic databases,
i.e., PubMed, Scopus, and Web of Science. Different keywords were used for the literature search, e.g.,
occupational exoskeleton, industrial exoskeleton, etc. Studies were included if they investigated the assessment
of exoskeletons in the laboratory with real tasks or an industrial environment. We identified 45 research
articles that fulfilled this selection criterion. Several features are compared and discussed in detail, such as
industrial environment, experimental protocol, task performed, and exoskeleton typology. These data allowed
us to formulate results that report the correspondence or discrepancy between the number of papers testing
exoskeletons and WMSDs in different industrial sectors, the type of assessment performed, and the impact of
exoskeletons on workers and industries at different TRLs. Among the results, the incidence of WMSDs in the
manufacturing industry is 21.13%, while the adoption of exoskeletons in the same field is the highest with
respect to the other industrial fields, at 44.45%. Electromyography (EMG) and Questionnaires were the most
evaluated typologies across all development and testing stages (with an incidence of 64% across the selected
articles). Additionally, an average reduction of EMG activity was reported, with 24% for Upper Limb and
20% for Back Support. Regarding the subjective assessment reported in the questionnaires, 68% of the studies
reported a positive evaluation. Based on these outcomes, this work provides a framework for an effective
evaluation process for the OEs to raise TRL with recommendations for future research activities.

1. Introduction

The International Labor Organization (ILO) has identified that the
risk of developing occupational diseases correlates with performing
strenuous work, defined as ‘‘a disease contracted as a result of exposure
to risk factors arising from work activity’’ [1]. To limit or better
prevent this risk, it is good practice to apply engineering control by
monitoring not only the task performed by the worker but also the work
environment around the worker [2]. Of all occupational diseases, the
most common are work-related musculoskeletal disorders (WMSDs),
i.e., disorders of the soft tissues and their surrounding structures not
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resulting from an acute or instantaneous event [3]. The European
Agency for Safety and Health at Work estimates that 60% of work-
related health problems affect the musculoskeletal system [4], and the
most affected body sections are the back and the upper limbs, with 43%
and 41% of incidence, respectively, and then the lower limbs with 29%,
which also includes numbers from cumulative WMSD. These events
noticeably worsen the worker’s health and lifestyle, leading to severe
economic consequences that spill over into personal, corporate, and
national turnovers. The estimated financial cost associated with WMSD
in Europe was 240 billion euros in 2007 [5]. To ensure adequate safety,
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the activities that fall into the category of strenuous work require a
first step of risk analysis. Standard assessment methods are based on
the nature of the task (TACOS [6], NIOSH [7–9], OCRA [10]). After
the risk evaluation, the second step is optimizing the workstation’s
reorganization and redesigning it to mitigate risk factors. Although best
practices are in place, a US study underlined that the best solution
to reduce Manual Material Handling (MMH) related hazards is imple-
menting appropriate engineering changes and mechanical assists [11].
Moreover, factors such as an aging workforce, pension crisis, growing
burden of chronic diseases, and increasing health inequalities [12]
make the risk of WMSDs worse. Therefore, developing exoskeletons
for industrial applications as a possible preventive solution for the
WMSD [13] is strongly motivated.

Exoskeletons are wearable devices that can assist, rehabilitate, or
augment human body capabilities [14]. These devices have been widely
implemented in medical [15] and military [16] environments and are
becoming increasingly common in industry [17]. When applied in the
industrial field, they are called Industrial or Occupational Exoskeletons
(OEs) [17]. OEs are mobile exoskeletons that can be active or passive
based on the actuation mechanism. An active exoskeleton [18] operates
utilizing actuators, generally electric motors, but other drive systems
are possible, whereas a passive exoskeleton [19] operates employing
springs, elastic bands, or other energy storage systems. In addition,
exoskeletons can be distinguished according to their mechanical struc-
ture, which is rigid and soft. Rigid exoskeletons consist of a solid frame
with actuators attached to it, whereas soft exoskeletons (often called
exosuits) consist of garments and soft actuators that transmit assistive
forces without rigid mechanical transmissions [20]. Also, different ex-
oskeletons assist different body sections, e.g., upper limbs, lower limbs,
back support, and full body exoskeleton. Upper limb exoskeletons are
used to support and assist one or more of the shoulder, elbow, and
wrist movements. A common example of an application for upper limbs
exoskeletons to assist with overhead working tasks [21,22]. Similarly,
back support exoskeletons are commonly implemented for assisting the
back during MMH activities [23].

A debate that is still very current in the literature concerns which
exoskeleton and actuation type (active/passive) is best suited to specific
work tasks (dynamic/static). Developers compete to show continuously
improved results. Toxiri et al. [24] reported that passive exoskeletons
are very suitable for tasks that involve static or very limited dynamic
movements, whereas active exoskeletons are better for more dynamic
tasks but are currently less suited for static tasks. Tasha et al. [25]
reported that to prevent WMSDs during overhead work (a mostly static
task), it is better to consider passive upper limb exoskeletons rather
than active upper limb exoskeletons. Tommaso et al. [26] conducted a
preliminary research study to determine the difference between active
and passive back-support exoskeletons during static and dynamic tasks.
In this work, it was concluded that the active back-support exoskeleton
performed better during dynamic tasks on both back muscle acti-
vation reduction and user experience than the passive back-support
exoskeleton. In the static tasks, although the muscle activation was
reduced with the active device, the passive back-support exoskeleton
performed better in terms of comfort. Since there are few comparative
tests between active and passive OEs, the collection of more data is
essential.

To truly evaluate the benefit of OEs and their impact in the ‘‘real
world’’, industrial tests are essential. These experimental sessions, con-
ducted in industrial environments, can have a strongly defining effect
on the final acceptance of the devices, generating new needs and
highlighting real problems that can be addressed as part of the design
and development process [27]. In fact, a recent study underlined the
discrepancies between laboratory and field evaluation of a passive
shoulder-support exoskeleton [28]. Another critical factor is the inter-
action of the exoskeletons with the workers. This interaction introduces
essential considerations such as comfort, breathability, user experience,

ergonomics, etc. [29], that impact the acceptance and lead to the
development of new solutions that enhance user uptake.

Although numerous other papers in the literature have reviewed the
state of the art of OEs in recent years [13,17,24], few are relevant and
complementary to this work. Kuber et al. [30] undertook a review study
to examine and contrast the methods, strategies, and results employed
in field evaluations of exoskeletons designed to support the shoulders
and back. De Bock et al. [31] provides an overview of protocols
assessing the effect of OEs on users and formulating recommendations
to benchmark their effects, which are distinguished into ‘‘validation’’,
‘‘evaluation’’, and ‘‘field’’ studies. To conclude, Crea et al. [32] con-
ducted a study to evaluate the effectiveness of OEs in laboratories and
fields to promote large-scale adoption of these devices. Hence, with the
current and predicted growth in interest in occupational exoskeletons,
this paper aims to systematically investigate the state of the art in
industrial-oriented exoskeletons and determine the market readiness
of this technology. The paper highlights the most traveled sectors
of exoskeleton assessment in factories and vitally identifies areas not
yet explored. This paper also identifies the key benefits and needs in
moving from basic laboratory testing to field validation.

This review paper systematically analyzed the state of the art in
occupational exoskeletons targeting industrial setups. We studied re-
search articles with Technology Readiness Levels (TRL) 5, 6, and 7
(lab testing with industrial tasks reproduction, real task simulated in
industrial environment and operational setup, respectively). To the best
of the authors’ knowledge, this is the first review article that devotes a
significant amount of attention to exoskeleton evaluation across TRLs.
The division of the research papers into distinct TRLs adds innovation
to this study because the publications do not specifically indicate the
TRL. The paper is divided into the following sections: ‘‘Methodology’’
where the selection criteria to include/exclude the papers from this
work are reported, ‘‘Technology Readiness Level (TRL)’’ where the
technical maturity of the devices included in this work is defined, ‘‘Re-
sults and Discussions’’ which is divided into subsections that separately
address the adoption, evaluation, and impact of exoskeletons in indus-
try, ‘‘Framework for the Assessment of Industrial Exoskeletons’’ where
are the recommendations and suggestions to guide future researchers,
‘‘Study Implications’’ where the significance of this study is stated, and
finally ‘‘Conclusion’’ where the principal aspects that characterize this
paper and its limitations are reported.

2. Methodology

We adopted the methodology to perform the systematic review
in accordance with the PRISMA guidelines [33]. The methodology
involves several stages as shown in Fig. 1 and are explained as follow:

2.1. Identification and search strategy

The research to find relevant articles to include in this paper was
performed by two authors on three different electronic databases,
i.e., Web of Science, Scopus, and PubMed. The authors used a keyword-
based search where different keywords were used along with OR and
AND operators, i.e., (occupational exoskeleton OR industrial exoskele-
ton) AND (automotive OR construction OR hospital OR agriculture
OR logistics OR food) to identify all the possible papers. The two
authors performed the search and selected the papers independently.
The search resulted in 982 research articles in total. After selecting
research articles, 422 duplicate records were removed using Zotero
software, and 22 were removed by authors.

2.2. Screening of research articles

The research articles identified as a result of keyword-based search
were screened by two authors based on titles and abstracts. The authors
analyzed a total of 538 studies. Articles that were relevant to the theme
of the review paper were selected. If the two authors disagreed on
selecting a specific article, the complete article was analyzed. Still, if
the disagreement persisted, a third reviewer made the decision.
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Fig. 1. Flow chart of the methodology adopted to select the papers included in this work using PRISMA guidelines.

2.3. Eligibility for selection

In order to select relevant papers for the review, an eligibility
criterion was developed. The eligibility criterion is as follows :

• The paper must assess the exoskeleton in the lab or the field.
• The article should not be a rehabilitation-based study.
• The study should involve practical work rather than software

simulations.
• The study should be performed with healthy subjects (novice

subjects/experienced workers)

2.4. Data extraction

The selected 140 papers were assigned an ID number for the ‘‘blind
procedure’’ process. Associating an ID number with each article aims
to avoid bias with respect to individual researchers or research groups.
During this stage, the main characteristics of each paper, i.e., indus-
trial application, target work task, exoskeleton, methodology of the
experiment, type of subject, and results, were reported in a specific
analysis table. After filling all the columns in the table except TRL, the
analysis table was revised by a third reviewer who did not participate

Table 1
TRL values with experimental protocol characteristics that identify them.

TRL-4 Assessment performed with generic motions in laboratory
TRL-5 Reproduction of industrial tasks in laboratory
TRL-6 Reproduction of industrial tasks in industrial environment
TRL-7 Assessment performed in real industry and during operational activity

in the assignment of the ID and, therefore, had no knowledge about
the authors and titles of the research articles. The third reviewer
assigned the TRL (4, 5, 6, and 7) values to each paper based on the
experimental protocol (i.e., according to the task performed and the
surrounding environment). Since the TRL was not mentioned in any
article, this association was a critical aspect of the review. Table 1
below shows different TRL values and the characteristics required for
their assignment.

3. Technology Readiness Level (TRL)

Technology Readiness Level is a process for determining the tech-
nical maturity of a technology. It is divided into several steps ranging
from TRL-1 to TRL-9. TRLs make it possible to discuss technical ma-
turity consistently and uniformly [34,35]. The different levels of TRL
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are traditionally divided into 3 phases: TRL-1 to TRL-3 is the research
phase, TRL-4 to TRL-6 is the development phase, and TRL-7 to TRL-9 is
the deployment phase. In this paper, we are interested in reviewing and
evaluating the paths to industrial uptake and how developers interpret
and address the relevant steps of TRL-5 to TRL-7, which are defined as:

• TRL-5 is the validation of the exoskeleton on a reproduced work
task in laboratories with novice subjects.

• TRL-6 is the simulation of the task in a relevant environment with
the exoskeleton by expert workers.

• TRL-7 is the demonstration of the use of the exoskeleton in an
operational environment with experienced workers.

The fundamental goal of moving through these TRL levels (from 5
to 7) is to experience each level’s unique obstacles and unforeseen
circumstances. Numerous challenges are there at every one of these
selected TRL levels, and these challenges get more demanding as we
go up the levels. The whole process aims to evaluate the technology as
whole but also the possibility of guiding the redesign to fill gaps and
challenges.

The primary objective of TRL-5 is to examine the exoskeleton
biomechanical effects on the user’s physical exertion and the amount
of assistance they can offer the user while performing target activities.
It can find possible inefficiencies, limitations, and detrimental effects
of device usage.

The main goal of TRL-6 is to evaluate the device in non-laboratory
testing, with real workers, but still not in the wild. It focuses on the
impact of the workers and the environment rather than the device’s
technical performance.

TRL-7 seeks to evaluate the technical and user acceptance in a real
setting and include factors such as usability, comfort, discomfort, and
longer-term fatigue compared to laboratory tests.

Fig. 2 shows the relative importance of the three main aspects
(technical performance, application evaluation, and technology accep-
tance) in TRL-5 to TRL-7 assessments. ‘‘Technical performance’’ refers
to how effectively the exoskeleton supports the target body section.
‘‘Application evaluation’’ refers to how the exoskeleton is suitable for
specific tasks and industrial sectors. Finally, ‘‘technology acceptance’’ is
the level of appreciation of the exoskeleton provided by the end user.
Fig. 2 is based on our hypothesis and understanding of the objectives
associated with the TRLs and the authors’ experiences in assessing
industrial exoskeletons at various TRLs. The percentages in each bar
plot represent the weight of the three main assessment categories:
‘‘technological assessment’’, ‘‘application evaluation’’, and ‘‘technical
performances’’ for the three TRLs. We believe that TRL-5 should be
more focused on verifying the ‘‘technical performance’’ of the industrial
exoskeleton than the other two parameters. TRL-6 should place equal
emphasis on ‘‘application evaluation’’ and ‘‘technical performance’’.
Finally, TRL-7 should place more emphasis on ‘‘technology acceptance’’
and ‘‘application evaluation’’.

4. Results and discussions

In this review, 140 research publications were ultimately chosen
using our selection criteria. Of these 140 papers, 6 were review papers
that helped us in identifying other research articles that were rele-
vant to our review [17,30,32,36–38], 75 were TRL-4 and hence were
dropped because they were below these TRL threshold (TRL 5, 6 and
7). 6 studies utilized lower limbs exoskeleton as their foundation [39–
44]. These publications were omitted so that we could concentrate on
exoskeletons for the upper limbs and the back support. Additionally,
the number of articles on lower limb exoskeletons was very low when
compared to upper limb and back support articles. The remaining 53
papers were divided according to different TRL levels and the type of
exoskeleton utilized. 14 papers were at TRL5, 8 papers were TRL6,
and 31 papers were TRL7. Among the reviewed articles in different

Fig. 2. Technology Readiness Level and evaluation of three aspects based on author’s
experience.

TRL (5, 6, 7) levels, 8 papers report tests performed in more than one
evaluation environment, e.g., [45] is both TRL5 and TRL7 assessment,
so they fall into multiple TRLs. However, we avoided the replication
of a single article in different TRLs. Thus, we subtracted 8 from the
total number of articles, yielding 45 papers in total. Similarly, out of
the 45 papers, 18 papers were based on back support exoskeletons, 23
focused on upper limb exoskeletons, and 4 papers addressed both upper
limb and back support exoskeletons. Some of the OEs from the selected
papers are displayed in Fig. 3.

This section is divided into multiple sub-sections. Each sub-section
analyzes a specific theme, including a dedicated discussion as follows:
Exoskeletons Across Industrial Sectors and WMSD Incidence, Tasks
and Exoskeletons Among Industries, Type of Assessment, Duration and
Testing Subjects, Impact of Industrial Exoskeletons and Pathway to
Effective Industrial Assessment.

4.1. Adoption of exoskeletons across industrial sectors and WMSD inci-
dence

In this subsection, the selected 45 papers were further divided
according to different industrial sectors and different TRL levels in
each sector. Additionally, the incidence of WMSD specific to each
industrial sector is also examined. The results are shown in Figs. 4 and
5, respectively.

According to Fig. 4, three studies focus on the Manufacturing in-
dustry: one study was at TRL-5 [53], one was assigned TRL-7 [54],
and one was classified both TRL-6 and 7 because this paper presents
a simulation and an operational test in the industry [55]. Although
manufacturing clearly includes the Automotive and Shipbuilding indus-
tries, which represent 44.45% of the sector, we have kept this separate.
Hence, the Automotive industry has the highest number of publications,
corresponding to 35.56%. Within the Automotive studies, two were
TRL-5 [48,56] and two were TRL-6 [57,58], eleven were TRL-7 [49,59–
68], and one included both TRL-6 and 7 [28]. Ship construction has
only one study at TRL-7 [69], while Health and social care includes two
papers at TRL-5 [70,71] and one at TRL-6 and 7 [72]. Waste treatment
and cleaning include two studies at TRL-7 [73,74]. Construction is
the third most investigated sector for testing exoskeletons, with almost
8.89% of the papers. It has one paper at TRL-5 [75], one paper at
TRL-6 [76], and two papers at TRL-7 [77,78]. Agriculture and also
Transport and Storage are jointly ranked second in the list of the most
investigated sectors with over 11.11% each. Agriculture consists of one
paper at TRL-5 [79], one paper at TRL-7 [80], and three papers at
both TRL-5 and 7 [81–83], while Transport and Storage, which includes
Logistics, has two studies at TRL-5 [47,84], one paper at TRL-6 [85],
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Fig. 3. Occupational exoskeletons used in different industries, (a) A medical operator performing a task while using an exoskeleton [46] (b) A luggage handling task while wearing
the XoTrunk [47] (c) A worker using the ShoulderX V2 for an overhead task [28] (d) Operator performing a simulated automotive task using proto-MATE [48] (e) A worker
performing assembly task with an exoskeleton [49] (f) A worker performing a manufacturing task with a back support exoskeleton [50] (g) A worker using the Laevo V2.5 while
performing and order picking task [51] (h) Worker performing overhead task in automotive industry using Paexo [52].

Fig. 4. Pie chart showing the percentage of articles collected for each industrial field, divided into TRL 5, 6, and 7.

one paper at TRL-7 [51] and one of both TRL-6 and 7 [86]. The Food
industry reported two papers, one at TRL-7 [87], and the other at TRL-5
and 7 [45]. Four papers tested exoskeletons in Multiple heterogeneous
sectors, i.e., different industrial fields that do not report the task in
detail, thus preventing detailed categorization. We assigned TRL-5 to
one of these papers [88], while TRL-7 was assigned to the remaining
three [50,89,90].

To better understand the significance of the results in Fig. 4 in
comparison with the industrial needs, we also analyzed the statistics
on the incidence of WMSDs in Europe in 2019. By combining the data
from [4,91], we were able to split the number of WMSDs according to
the body section and industrial environment. In the sectors analyzed,
the total number of workers affected by WMSDs of the back is almost
70 million, while those affected suffering upper limb WMSDs are almost
67 million. The results are shown in Fig. 5.

From Fig. 5, the highest percentage of WMSD occurs in the Man-
ufacturing industry, with 21.13% of the total. Second, with 13.69%,
is the Wholesale and retail trade industry, which has the highest gap
between injuries on the back (16.52%) and on the upper limb (10.86%).

Third is the Health and Social Care industry with 14.6%, but also the
Construction industry reports high values of WMSD, which is 10.44%
on average. All the remaining industries report cases of WMSD that are
under 10%.

Figs. 4 and 5 show industrial sectors that may offer an interesting
field for the development and evaluation of occupational exoskeletons.
For example, by additionally including Automotive and Naval in the
Manufacturing industry, we noted a consistency between the high
number of publications (44.45%, Fig. 4) and the incidence of disorders
(21,13% for back and upper limb, Fig. 5). Similarly, Wholesale and re-
tail report an average incidence of WMSD of 13.69% in Fig. 5, but does
not appear in Fig. 4. In fact, this term also brings together very different
activities and tasks that would be interesting to analyze further but
are challenging to categorize. Some activities that could fall under this
sector, for example, involved food handling, so they were included in
Accommodation and Food, while others are part of the work included in
Multiple Sectors. In any case, this industry offers vast opportunities for
the analysis, development, and evaluation of exoskeletons, especially
for back support. Also, Health and social care industries are certainly
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Fig. 5. Pie chart showing the percentage of work-related musculoskeletal disorders on the back and upper limb across the different industrial fields.

under-investigated compared to what they should be. In fact, they are
the third largest industry sector for musculoskeletal injuries with an
incidence of 14.6%, but looking at Fig. 4, there is only one assessment
that exceeds TRL-5. Construction, Agriculture, and Transport and stor-
age report a good alignment between the percentage of injuries, Fig. 5,
and research studies, Fig. 4. However, other fields like Wholesale and
retail trade and also Health and social care report high percentages of
WMSDs compared to studies performed in these industries. In any case,
the number of articles belonging to each of these industries does not
exceed 5, so the continuation of these analyses in the above sectors
is strongly encouraged. Additionally, we were unable to locate studies
pertaining to some industries, such as the Public sector and defense,
Education, Mining and quarrying, and Energy supply services. Hence,
we highly encourage researchers to conduct studies in these sectors as
well.

The reason why so few studies apply exoskeletons in some industries
is an open question that needs to be investigated. Among the reasons
that limit the testing of these devices in particular sectors is the cost at
the front, which makes adoption difficult in some sectors. Another cru-
cial aspect is the incompatibility of using some exoskeleton models in
specific industrial environments due to constraints requiring dedicated
customization and sector-specific OE development. The exoskeleton
could interfere with workers’ clothes, equipment, personal protective
equipment (e.g., high-visibility suits, safety harnesses, etc.) or with the
work environment (that due to confined spaces, the user’s movement
can be limited, presence of magnetic fields that can create interfer-
ence, etc.). In these cases, research should move toward customizing
exoskeletons to accommodate the end user’s needs by offering tailored
solutions suited to the specific work environment, as in [92]

4.2. Tasks and exoskeletons among the industries

This section analyses features of back-support (Table 2) and upper-
limb support (Table 3) exoskeletons, respectively. The features an-
alyzed are the nature of the test, the tested exoskeleton, actuation
classification, and the TRL of the test. The test type is classified as static
or dynamic [93,94] defined as:

• Static - Activities in which the assisted joint is either unmoving
or makes small movements around the target position.

• Dynamic - Activities in which the assisted joint performs large
movements around the target position or performs movements
that are the combination of multiple simple tasks.

Table 2, on back support exoskeletons, shows that across the dif-
ferent industrial sectors, dynamic tasks are much more common than
static ones. At the same time, the use of passive exoskeletons (P) is

markedly higher than active ones (A). In fact, of the 17 exoskeletons
for back support that are shown in Table 2, only 3 devices provide
active assistance, with the remainder using passive actuation. Laevo
exoskeletons are the most commonly and widely tested (tested in all
industries apart from Construction and Waste Treatment and Cleaning),
with 32.14% of the trials. Additionally, it is the only exoskeleton to
have been tested at all TRLs from 5 to 7. None of the other exoskeletons
appear more than three times in Table 2. Another interesting finding
is the recurrence of tests for each TRL. In fact, the TRL-5 column
reports 10 ticks, the TRL-6 column reports 6 ticks, and the TRL-
7 column reports 20 ticks, corresponding to 27.78%, 16.67%, and
55.55%, respectively. Thus, more than 50% of studies test exoskeletons
in the operational environment (TRL-7), but less than 30% reproduce
the task in the laboratory (TRL-5) or in industry (TRL-6). These results
highlight that in most cases, researchers move on to performing the
tests in the company without assuring the exoskeleton’s performance
and industrial environment sustainability with specific assessments in
the laboratory and simulated industrial tasks. However, we should
also consider the fact that publishing articles at TRL5 and 6 is very
difficult because the exoskeleton does not change drastically, and there
is nothing significantly new to report in a scientific journal. This can
reduce the number of publications at TRL-5 and TRL-6. Moreover, TRL-
6 can affect companies economically because the worker has to stop
working in production and dedicate their time and effort to research.

Table 3 shows tasks and upper limb exoskeleton usage by industry.
59% of the papers analyze static tasks, and 41% analyze dynamic
tasks. Interestingly, for upper-limb exoskeletons with TRL>4, only pas-
sive actuations have been reported, highlighting a possible technology
gap. The three most used exoskeletons are Airframe (18.52%), Skelex
(14.81%), and Mate (14.81%), with the latter being the only one used
at TRL-5 to 7, although in different industries. TRL-5 column reports 6
ticks, TRL-6 reports 7 ticks, and TRL-7 reports 20 ticks, corresponding
to 18.18%, 21.21%, and 60.61%, respectively. Again, as with back-
support exoskeletons, the research’s trend seems to be off balance, with
the majority of exoskeleton tests carried out in production lines to the
detriment of staged investigations in laboratories and simulations in a
controlled environment.

A consideration that arose from these results, which deserves special
attention, is the number of discrepancies between active and passive
exoskeletons tested in TRLs from 5 to 7. Considering both back-support
and arm-support exoskeletons, the number of passive exoskeletons is
significantly higher than the number of active ones. Among the reasons
for researchers conducting a high number of tests with passive exoskele-
tons is the ease of integrating these devices into the industrial process.
But also, the device characteristics that do not require installation
experts, wide commercial availability, and prices are certainly lower
than those of the corresponding active exoskeletons [24]. The economic
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Table 2
Industrial fields where Back-support exoskeletons have been tested. The table also reports the test typology, the name of the exoskeleton, its actuation classification,
and the TRL associated with the test.

Back support

Industrial Field Task Typology Exoskeleton Actuation TRL-5 TRL-6 TRL-7 Paper

Manufacturing Dynamic Laevo P X [54]
Static and Dynamic Laevo P X [53]

Waste treatment and cleaning Dynamic ErgoVest P X [74]

Multiple sectors Dynamic BackX P X [89]
Static and Dynamic Dynamic trunk orthosis-Japet A X [50]
Static and Dynamic Laevo P X [90]
Static and Dynamic BackX P X [90]
Static and Dynamic NIST Exoskeleton P X [88]

Automotive Static PLAD P X [60]
Static and Dynamic Laevo P X [59]

Construction Dynamic – P X [75]

Health and social care Dynamic Flx Ergoskeleton P X [70]
Dynamic V22 Ergoskeleton P X [70]
Dynamic Laevo P X [70]
Static and Dynamic Laevo P X X [72]
Static and Dynamic Corfor P X X [72]
Static and Dynamic BackX P X X [72]
Static and Dynamic CrayX A X X [72]

Accommodation and food Dynamic XoTrunk A X X [45]
Static and Dynamic Laevo P X [87]
Static and Dynamic Rakunie P X [87]
Static and Dynamic Paexo Soft Back P X [87]

Agriculture, forestry and fishing Dynamic CAE A X [80]
Static and Dynamic Laevo P X X [81] [82]

Transport and storge Dynamic XoTrunk A X [47]
Dynamic Laevo P X X [85] [51]
Dynamic HeroWear Apex P X X [86]
Dynamic Mile Bot P X [84]

Table 3
Industrial fields where Upper-limb-support exoskeletons have been tested. The table also reports the test typology, the name of the exoskeleton, its actuation
classification, and the TRL associated with the test.

Upper-Limb Support

Industrial field Task typology Exoskeleton Actuation TRL-5 TRL-6 TRL-7 Paper

Manufacturing Dynamic Mate P X X [55]

Waste treatment and cleaning Static Mate P X [73]

Multiple sectors Static and Dynamic Airframe P X [89] [90]
Static and Dynamic EksoVest P X [90]
Static and Dynamic NIST Exoskeleton P X [88]

Automotive Static H-Vest P X [56]
Static ShoulderX P X X [57] [67] [58]
Static Mate P X [57]
Static Paexo Shoulder P X [57]
Static EVO P X [62]
Static Skelex P X [67]
Static Airframe P X [61] [67]
Static ProtoMATE P X [48]
Static and Dynamic Crimson Dynamics P X [65]
Static and Dynamic Skelex P X X [28] [65]
Static and Dynamic ShoulderX P X X [28]
Static and Dynamic Airframe P X [63] [49]
– Airframe P X [64]
– EksoVest P X [66] [68]

Construction Dynamic Skelex 360 P X X [76] [77]
Dynamic Exo01-Hilti P X [78]
Dynamic EksoEvo P X [78]

Health and social care Static Airframe P X [71]

Accommodation and food Static and Dynamic Atlas P X [87]

Agriculture, forestry and fishing Dynamic Prototype Exoskeleton P X [79]
Dynamic PULE P X X [83]

Naval Dynamic Skelex P X [69]
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Fig. 6. Assessments performed in the different TRLs.

aspect is crucial because it allows companies and researchers to acquire
them quickly and at affordable prices. Regarding active and passive
exoskeletons’ physical characteristics, it is worth underlining that active
exoskeletons are generally heavier, bulkier, and more complex than
passive ones, making their application in industrial environments, es-
pecially in places characterized by small spaces, challenging. Moreover,
active exoskeletons rely on sensors and electronic components that
could interfere with other industrial machinery, making compliance
with industrial technical standards (e.g., ISO 12100) a requirement
for device adoption. However, the versatility demonstrated by active
exoskeletons is superior to passive exoskeletons [45], so the authors
believe this technology deserves to be investigated more deeply.

4.3. Evaluation of industrial exoskeletons using various assessment typolo-
gies

During this study, a number of different assessment approaches
were observed for both back and shoulder systems, i.e., electromyo-
graphy, questionnaire, kinematics, physiological parameters, and exe-
cution time, as shown in Fig. 6.

4.3.1. EMG
Electromyography (EMG), involving recording muscle electrical ac-

tivity, is a common assessment technique used with industrial exoskele-
ton [95,96]. However, EMGs are susceptible to noise and require care-
ful set-up, e.g., skin preparation, sensor placement, signal processing,
etc. [97].

At TRL-5, EMG was solely used in 7 papers while 3 papers measured
EMG in combination with other assessment formats (10 of 14 papers
— 71%) [45,47,48,53,56,70,75,79,82,83]. At TRL-6, EMG was solely
used in 4 papers, with a further 3 papers reporting EMG along with
other assessments (7 of 8 papers — 87%) [28,55,57,58,76,85,86].
Finally, at TRL-7, EMG was solely reported in 8 cases with 4 papers
using some combination of assessment formats (12 of 31 papers —
38%) [28,49,54,55,60,61,63,64,67,73,82,83].

However, there are several limitations to this assessment approach.
Zheng et al. [98] reported that the placement of EMG sensors often
underlies the exoskeleton, and this can cause interference, which can
affect the quality of the recordings and increase EMG signal noise [97].
Consequently, it is suggested that a controlled setting is required to

gather reliable and accurate data. Since EMG sites require a degree
of preparation and calibration, this is very difficult to carry out in an
operational environment (TRL-7). We advise using EMG measurement
in a controlled setting (TRL-5). EMG can also be carried out in industrial
settings (TRL-6), but extra safety precautions must be implemented.
In the case of testing in the industrial sector (TRL-7), we suggest
performing a long-duration experiment in which the worker becomes
adapted to the exoskeleton. It can then be followed by a quick EMG
analysis, such as one lasting for 10 min.

4.3.2. Questionnaire
Subjective user feedback is acquired from participants using ques-

tionnaires that can assess different aspects such as perceived exertion,
pain scale, user interaction with OE, comfort/discomfort, performance
using OE, and usability. Various protocols exist to assess subjective user
feedback, i.e., Borg scale [99] and Visual Analogue Scale (VAS) [100].
Borg’s scale is a scale for ratings of perceived exertion, whereas VAS is
a pain rating scale. Moreover, questionnaires are also used to evaluate
the interaction between humans and the exoskeleton and the user ex-
perience, i.e., comfort, acceptability, and system usability scale (SUS).
Comfort means how pleasant the exoskeleton feels while perform-
ing activities. This depends on the fit of the exoskeleton, cushioning,
and weight distribution. Acceptability is the willingness of users to
integrate the exoskeleton into their everyday routine and job activ-
ities. It refers to the degree to which an exoskeleton fits the user’s
expectations. SUS is a standardized questionnaire that measures the
subjective usability of the exoskeleton. SUS provides a quantitative
measure of usability through a numerical score ranging from 0 to
100, with higher scores indicating improved/better usability [101].
Moreover, there are other questionnaires available for the evaluation
of occupational exoskeletons [102].

Based on our review, at TRL-5, questionnaire is solely used in 2
papers with a further 6 papers using this approach in combination with
other assessment techniques (8 of 14 papers — 57%) [47,53,70,71,75,
81,84,88]. At TRL-6, questionnaires were solely assessed in 1 paper
while a further 2 papers reported combined assessments (3 of 8 papers
— 37%) [72,76,86]. Finally, at TRL-7, questionnaires only were used
in 13 papers with 5 papers using a combination of assessment methods
(18 of 31 papers — 58%) [45,50,51,54,59,60,65,66,68,72–74,77,81,86,
87,89,90]. Questionnaires are most common at TRL-7.
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Niclas et al. [101] reported that subjective assessments are the
most frequently evaluated approach for the evaluation of exoskeletons.
However, questionnaires and surveys can be prone to personal pref-
erences [103]. We recommend using this technique at TRL-7 because
it is simple to assess, is easily assessed in a work environment, and
can be quickly transferred to workers without the need to use invasive
equipment. Also, if an exoskeleton evaluation lasts for a longer dura-
tion, either in the field or in the laboratory, it is highly advisable to use
questionnaires to gather relevant information.

4.3.3. Kinematics
Exoskeletons are mechanical structures that are physically aligned

with the user’s body, particularly with their joints; hence, mobility
constraints must be avoided. This is an important feature in evaluating
the interaction between the worker and the exoskeleton. Body kine-
matics and human motion can be measured using inertial measurement
unit-based (IMU) sensors or optical cameras [104,105].

At TRL-5, only 2 papers assess kinematics at all, and this is in
combination with other assessment techniques (2 of 14 papers —
14%) [47,53]. At TRL-7, 1 paper reported using kinematics solely,
and 1 paper reported kinematics with other assessment methods (2 of
31 papers — 6%) [78,89]. At TRL-6, no papers were identified that
assessed kinematics.

Clearly, while kinematic measurement forms part of the suite of
assessment techniques, it is much less commonly used than other
approaches as it is very challenging to implement in a working environ-
ment. Hence, it is best suited to the lab testing at TRL-5. We recommend
using this technique in TRL-5 and eventually in TRL-6 because this test
is crucial for determining whether the worker has to change the pattern
of movement or is being hindered due to the exoskeleton.

4.3.4. Physiological parameters
Assessments like heart rate, metabolic rate, and VO2 are considered

as physiological parameters. These parameters are good indicators of
physiological loads. From this review, at TRL-5, 3 articles reported
recording physiological parameters in combination with other evalua-
tion methods (3 of 14 papers — 21% at TRL-5) [53,84,88]. Similarly, at
TRL-6, 1 paper reported physiological parameters assessment combined
with other techniques (1 of 8 papers — 12% at TRL-6) [28]. Finally, at
TRL-7, 1 paper assessed only physiological parameters, and 4 assessed
these parameters in combination (5 of 31 papers — 16% at TRL-7) [28,
69,74,80,89].

As with kinematics assessment, physiological parameter assessment
(especially on its own) is less well regarded by researchers when
evaluating exoskeletons. However, based on the analysis in [98,101],
there is a case to be made that for the initial evaluation, i.e., TRL-5 and
TRL-6, physiological parameters can be a very good assessment metric.
Further, in a working environment, the less invasive and cumbersome
nature of the sensors may make long-term testing more possible. Some
issues with physiological parameter assessment are that the measure-
ments could generate inconsistent results because several studies have
shown that heart rate is affected by emotions and feelings [106], thus
making it preferable to apply alternative assessment typologies that can
demonstrate the exoskeleton’s efficacy [107].

4.3.5. Execution time (& other work-related parameters)
Execution time is the time required to perform an activity. It pro-

vides important comparative information on the total time required to
perform a task with and without an exoskeleton.

Based on our review, at TRL-6, only 1 paper evaluated this metric,
and this was in combination with other methods (1 of 8 papers —
12% at TRL-6) [76]. No papers were found at TRL-5 and TRL-7.
Execution time is the least commonly measured evaluation metric,
although this is one of the most manageable parameters to measure,
and we highly recommend including this assessment in all TRLs, par-
ticularly TRL-7. Further, by including this in all TRLs, we can find the
difference between the execution time of experienced workers (TRL-7)
and inexperienced subjects (TRL-5, and TRL-6).

4.4. Duration and testing subjects

Along with assessment protocols, we investigated the number of
subjects and the assessment time in different TRLs. Table 4 shows
details of the subjects and assessment time at each TRL.

4.4.1. Subjects in different TRLs
From the Table 4, it is apparent that the minimum number of test

subjects in all TRLs is very low. Although it is technically possible to
evaluate an industrial exoskeleton on a single subject, the value of a
single (or small number) of test subjects is limited. On the contrary, the
average number of subjects is satisfactory for TRL-5 and TRL-7. There
are 2 studies [66,68] which reported a very high number of subjects in
TRL-7, i.e., 198, compared to the rest of the studies in TRL-7. Apart
from this, we believe that the average number of subjects in TRL-5
and TRL-7 is an adequate target for the evaluation of an industrial
exoskeleton. However, the average number of subjects at TRL-6 is lower
than TRL-5 and 7. One explanation might be the discrepancy in the
number of studies at TRL-6 (8), which is very limited compared to
TRL-5 (14) and TRL-7 (31).

When considering the design of an experimental protocol to eval-
uate the device’s performance on a statistically relevant sample, the
sample dimension depends on several factors [108]. The minimum
number of subjects to conduct the analysis and achieve statistically
significant results relies on the number of conditions to be compared,
the evaluation scale, and the statistical power. The sample size can
be two independent samples or paired samples [109]. The analysis
implemented to estimate the sample size required for an experiment
is known as Power Analysis. In order to find the sample size which
can yield statistically significant results, certain parameters are adjusted
in a pilot study beforehand, i.e., 𝛼 (Type-I error), 𝛽 (Type-II error),
statistical power (1 − 𝛽), and effect size [110]. In general, 𝛼 is set to
0.05, 𝛽 is set to 0.2, and statistical power is set to 0.80.

Ideally, for exoskeleton assessment in TRL-5 where objective assess-
ments are considered, paired samples are preferred. This means that
the same sample is used as the control group (without exoskeleton)
and experimental group (with exoskeleton). Additionally, in TRL-5,
mostly a single variable, i.e., reduction in muscle activity, is considered.
If we consider an effect size of 0.8, which indicates large practical
significance based on Cohen’s Convention [111], It will yield a paired
sample size of 15 (JAMOVI statistical software), which is the required
number of subjects for evaluating an exoskeleton at TRL-5.

Similarly, for the TRL-7 assessment, where subjective techniques
are very common and can have multiple variables for consideration, it
will be required to calculate the effect size for each variable and then
combine it into a single effect size to show an overall practical signif-
icance. If an overall effect size of 0.6 (medium practical significance)
is considered, it will yield a paired sample size of 24. Overall, these
values are set based on pilot studies and may vary for each study. It
is possible that sometimes the calculated sample size may be too big,
making the study completely unfeasible; in that case, these values need
to be adjusted. However, for simplicity purposes, we tried to untangle
this concept and would recommend researchers consider sample size
calculation for future research activities.

4.4.2. Assessment time in different TRLs
The assessment time is the overall duration of the experiment,

with and without the exoskeleton, and depends upon the experimental
environment and the types of assessment that are under consideration.
From Table 4, we can see that the average assessment time in TRL-
5 is very low as compared to TRL-6 and TRL-7. This is because the
most assessed form in TRL-5 is EMG, which requires some time for
preparation and calibration, but the actual experiment usually lasts no
more than 10 mins on average per subject with exoskeleton which is in
accordance with our analysis. This can be seen from Table 4 where the
minimum number of subjects is 2 in TRL-5, and the minimum duration
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Table 4
Subjects and overall assessment time in different levels of TRLs.

Number of subjects

Minimum Maximum Average

TRL-5 2 36 15
TRL-6 2 11 7
TRL-7 1 198 24

Assessment Time With and Without Exoskeleton (minutes, hours, days, months)

Minimum Maximum Average

TRL-5 40 min 13 h 5 h
TRL-6 5 h 30 h 16 h
TRL-7 90 min 21 months 15 days

is 40 min, which translates into 20 mins per subject with and without
the exoskeleton. Similarly, if we analyze the average number of subjects
in TRL-5, i.e., 15, and the average duration, which is 5 h, it is 20
mins per subject with and without exoskeleton. However, this time can
increase or decrease based on the number of activities that are under
consideration. More activities correspond to more assessment time and
vice versa. Also, the tasks performed at TRL-5 are replications of the
original task, and the instructions are very precise and accurate about
each task which makes it easy for the subjects to perform the tasks
quickly. Similarly, the average time for TRL-7 is the highest because
performing an experiment in an industrial setting encapsulates a lot of
aspects, for example, to achieve acceptable evaluation the worker must
adapt to the exoskeleton and adaption does require some time. Also, the
tasks at TRL-7 are operational tasks and are very different from those
that are replicated in the laboratory. The most common assessment
technique at TRL-7 was the questionnaire, which is particularly suitable
for studies that last for weeks or even months. However, although some
assessments at TRL-7 do indeed last for months, the average assessment
time for most TRL-7 trials is very much shorter (hours, days). We
strongly advise future researchers to conduct long-term assessments
of exoskeletons. Longer evaluation times give individuals more time
to adapt to the exoskeleton, which makes this incredibly crucial. The
likelihood that occupational exoskeletons will be accepted increases
with successful exoskeleton adaption.

4.5. Impact of industrial exoskeletons

As previously mentioned, the implementation of occupational ex-
oskeletons can reduce WMSDs in real-world scenarios, however, the
adoption is still very limited. Deployment of industrial exoskeletons
depends upon several metrics, i.e., reducing muscle activation, user’s
comfort/discomfort, size, usability, etc. This section includes a brief
analysis of the findings from the 45 papers studying the impact of
industrial exoskeletons in both ‘‘real-world’’ and simulated ‘‘real-world’’
settings. This will ultimately provide evidence for the large-scale adop-
tion of industrial exoskeletons in the industrial sectors. This section is
divided into the following subsections:

4.5.1. EMG impact in different TRL levels
Table 5 presents the average reduction in muscle activity for upper

limb and back support exoskeletons used at TRL-5, 6, and 7. Although
the papers report a number of different sets of muscles for back support
and upper limb exoskeletons, we focus on activation of the Anterior
Deltoid (AD) for upper limb exoskeletons and the Erector Spinae (ES)
for back support exoskeletons. We chose these muscles because in
upper limb exoskeletons, AD is most commonly reported, while in back
support exoskeletons, ES is the most often recorded. Secondly, as both
AD and ES are large muscle groups, they often register significant
activation differences. 29 papers reported EMG at TRL-5, 6, and 7,
and 26 of these papers (89%) showed significant reductions in EMG
(both upper limbs and back support exoskeletons). These reduced EMGs
suggest that exoskeletons can indeed lessen the risk of WMSDs and
fatigue. However, large-scale adoption cannot be based on EMGs alone,

as a user’s perception of the impact of using an exoskeleton may not
agree with the outcome. Gilota et al. [112] found that for manual
handling tasks, the physical performance investigation contradicted
operators’ perceptions of device benefits. For large-scale adoption of ex-
oskeletons, other metrics should also be considered, i.e., questionnaires
and surveys.

4.5.2. Questionnaire impact in different TRLs
In this section, we analyzed the results from all papers that eval-

uated exoskeletons based on subjective measures such as comfort,
system usability scale, Borg’s scale, and acceptability. Table 6 shows the
analysis of the various subjective measures depending on TRL. Based on
our analysis, a total of 29 papers evaluated subjective measures at TRL-
5, 6, and 7 and 20 [47,50,51,60,65,66,68,70–72,72–77,86,86,87,89]
of these articles (68%) reported that the exoskeleton is acceptable,
comfortable, and useful. Among various subjective measures, only a
single paper [72] reported comfort in TRL-6, and acceptability was
reported by a single paper [47] in TRL-5. Still, these findings highlight
the benefits of industrial exoskeletons even more and offer more proof
for the large-scale adoption of OEs. However, in some studies [54,59,
84], the participants reported discomfort while wearing an exoskele-
ton. There are several factors that can contribute to discomfort while
wearing an exoskeleton, i.e., poor fit, restricted movement, weight,
material and design, adjustability, and pressure points. Addressing
these factors properly in future exoskeleton designs can significantly
make the exoskeleton comfortable.

4.5.3. Kinematics and physiological parameters impact in different TRLs
Tables 7 and 8 show analysis of articles that evaluated kinematics

and physiological parameters, respectively. Analysis of these param-
eters was less commonly recorded across studies at all TRLs, and as
a result of the limited data, it is not possible to draw any definite
conclusions. Clearly, in the future, these assessment formats need to be
assessed more often at the different levels of TRL to verify their impact.

5. Framework for the assessment of industrial exoskeletons

This study has identified several significant features of industrial
exoskeletons at high TRLs relating to assessment protocols, assess-
ment format, and implementation of exoskeletons in different industrial
fields.

Firstly, the automotive industry is the most active in its testing,
use and implementation of industrial exoskeletons. This is fairly logical
as Fig. 5 clearly shows that manufacturing has the highest rate of
WMSDs. However, manufacturing also includes areas such as metal-
lurgy, textiles, chemicals, etc., that are certainly at high risk of injury,
but they are not so active in their use of exoskeletons. An important
suggestion is, therefore, greater diversification of the research and
testing across the full spectrum of activities involved in the macro
sector of manufacturing. Beyond the manufacturing sector, we would
also suggest focusing on other sectors with high incidences of WMSDs,
such as health and social care, wholesale and retail trade, construction,
etc.
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Table 5
Analysis of EMG in different TRLs (Mean ± Standard deviation).

Assessment Execution type Muscle type Reduction(%)

TRL-5 Upper Limb [48,56,79,83] AD 31.4 ± 13.9

Back Support [45,47,70,75] ES 20.9 ± 10.3

TRL-6 Upper Limb [28,55,57,58,76] AD 18.3 ± 17.1

Back Support [85,86] ES 10.25 ± 0.35

TRL-7 Upper Limb [28,49,55,61,63,64,67,73,83] AD 23.1 ± 18.3

Back Support [60,82] ES 30.8 ± 22.6

Table 6
Analysis of subjective measures in different TRLs (Mean ± Standard deviation).

Comfort(%) - (Good=100%, Bad=0%)

Assessment Results ± SD
TRL-5 44.5 ± 19.02
TRL-6 80
TRL-7 61 ± 29.6

System Usability Scale (SUS)(%) - (Good=100%, Bad=0%)

TRL-5 72.7 ± 9.2
TRL-7 72.9 ± 13

Reduction in BORG (with/without Exo) (%) - (Good=100%, Bad=0%)

TRL-7 43.6 ± 21.8

Acceptability (%) - (Good=100%, Bad=0%)

TRL-5 90
TRL-7 78.6 ± 15.1

Table 7
Analysis of kinematics in different TRLs.

Kinematics

Assessment Research article Results

TRL-5 [53] Increased hip and knee flexion with Exo by 31%

[47] Reduced hip and knee range of motion by 12%

TRL-7 [78] Shoulder Flexion/Extension (ROMs)
No Exo: 97.85%
Average Reduction in ROMs: 89.5%
Shoulder Abduction/Adduction (ROMs)
No Exo: 36%
Average: 35% (not significant)

[89] Reduction of mean step rate with Exo by 18.1%

Secondly, EMG measurement and questionnaires are the most com-
mon assessment formats for OEs. EMG, while valuable across all TRLs,
can have placement and measurement problems, and this approach is
currently best suited to the more controlled environments at TRL-5 and
TRL-6, where the tasks are replications of industrial operations that
typically only take tens of minutes to complete. Moreover, assessments
at TRL-7 are meant to be done without any external interference to
the workflow and unless EMG sensors are carefully designed into the
exoskeleton structure, which is currently rare, employees should not
wear these devices while performing regular duties because this could
impair their performance, lead to inaccurate results and bias the accep-
tance of the device. We also recommend evaluating multiple assessment
forms at TRL-5 and TRL-6 in combination with EMG, i.e., execution
time, kinematics, physiological parameters, etc. Questionnaires and
surveys are simple to distribute and do not interfere with a worker’s
performance. While valuable at all TRLs they are particularly suited
at the higher TRL-7 where there is strong involvement of experienced
workers who fully understand the aims and constraints in the specific
work environment. We would strongly recommend this.

The analysis of objective and subjective measures also confirmed
the hypothesis that we presented in Fig. 2. When observing Fig. 6, we
can see that TRL-5 is more focused on technical performance (objective
measures), whereas TRL-7 is more concerned with technology accep-
tance (subjective measures). TRL-6 follows a similar pattern; however,
additional research is needed here. Regardless, the trend between

Figs. 2 and 6 is comparable, which proves our hypothesis. Additionally,
some studies [84,89] revealed a mismatch of objective and subjective
evaluations, with objective measures rated positively and subjective
ones rated negatively. This outcome calls for both objective and sub-
jective evaluations in conjunction. This is significant because a poor
judgment of subjective assessment might impede the implementation
of exoskeletons in industrial settings.

A further interesting observation is that there were 31 studies at
TRL-7, but only 14 at TRL-5 and 8 at TRL-6. TRL-4, which is not specif-
ically part of this study, on the other hand, had 75 studies. The reasons
for the significantly reduced numbers at TRL-5 and TRL-6 are not clear,
especially as laboratory trials would be shorter and easier to arrange
than full workplace assessments. Further, it might be expected that at
each stage of development, there might be some systems that do not
achieve positive expectations, and their development is stopped. Hence,
there might be expected to be fewer later-stage trials. Alternatively, the
increased numbers at TRL-7 could arise as the same exoskeleton can be
tested in a number of different work scenarios or simply that the higher
TRL has more novelty, particularly in terms of user acceptance etc.

Nonetheless, the skipping of the reporting of stages at TRL-5 and
TRL-6 does raise a number of issues, as the step-wise process can help
evaluate the technical performance of the exoskeleton using complex
assessment typologies (such as EMG, Kinematics, etc.) in a controlled
environment, and then to evaluate the acceptance of the exoskele-
ton using simpler assessment typologies (such as questionnaires and
surveys) in a complex environment. Fig. 7 shows the recommended
framework and evaluation typologies for the assessment of OEs.

Table 4 shows that the number of test subjects is often small (often
below statistically significant data). To drive the end-user (compa-
nies, workers, professional bodies), it is recommended that evaluations
should involve a large number of subjects to assess the statistical
significance of the results on a diverse range of participants.

Table 4 also showed the length of test periods and the variation from
TRL-5, 6, and 7. Based on our observations, the duration of the test
varies with the type of environment and the evaluation typology under
consideration. The average test duration for exoskeleton evaluation
in Table 4 approximates the time necessary for each TRL. However,
it is strongly advised that investigations, particularly at TRL-7, be
conducted for a longer period of time (hours, days, or weeks). This is
critical in TRL-7 because workers may need to adapt to the system to
evaluate it as useful and acceptable.

Finally, the analysis performed in the impact section showed a
reduction in EMG activation in 89% of the papers and positive exoskele-
ton acceptance, comfort, and usefulness in 68% of the papers. Clearly,
this indicates that the results are very encouraging and promising. They
provide positive encouragement for companies to adopt (or at least start
to investigate) the use of industrial exoskeletons in real-world scenarios
to reduce WMSDs.

6. Study implications

The findings of this review study have important implications and
significance for the widespread adoption of OEs in industrial sectors, as
well as thorough OE assessment. This review study highlighted specific
industries with a high incidence of WMSDs, and the implementation
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Table 8
Analysis of physiological parameters in different TRLs.

Heart Rate (HR)

Assessment Exoskeleton Type Results (HR, MR and EE in %)

TRL-5 Back Support [53] No difference in HR with Exo and without Exo

TRL-6 Upper Limb [28] 10.6 increase in HR with Exo

TRL-7 Back Support [74,80,89] 4.3 ± 2.4 increase in HR with Exo

Upper Limb [28,69] 4.1 ± 5.1 decrease in HR with Exo

Metabolic Rate (MR)

TRL-5 Back Support [84] 28.1 decrease in MR with Exo

Energy Expenditure (EE)

TRL-7 Back Support [74] 1.4 decrease in EE with Exo

Fig. 7. Recommended Framework by the authors for the Assessment of OEs in different TRLs.

of exoskeletons in those sectors has been discussed, underlining an
essential lack of OE in industries like wholesale and retail trade industry
and health and social care industry, which has been compensated by the
most popular industry that is automotive. This work also underlined the
impact of OEs reported by several studies, providing end-users evidence
of the benefit of these OEs in the industrial environment, such as
reduction of muscle activity and positive evaluation of questionnaires,
which emphasizes the fact that adoption of OEs in the industrial sector
has the potential to considerably reduce WMSDs while also improving
the lives of workers and the national economy. Furthermore, by taking
advantage of the findings blended with the author’s experience, this
work proposes a framework for effectively conducting an experimen-
tal campaign by targeting appropriate objectives associated with the
specific TRL for verification and assessment of OE. This framework
provides guidelines and indications on how to raise the TRL-based
assessment for the specific OE in the industrial sector by considering
the application sector, an appropriate experimental protocol associated
with the goal of the target TRL, the selection of the most appropri-
ate level of assessment for the technology selected, and the sample
dimension and test duration most suitable with the test. The step-by-
step evaluation across different TRLs should also be supported by the
scientific community in analyzing the OEs more systematically and
designing OEs that are ergonomic, user-friendly, adaptable, and easy
to use.

7. Conclusion

The field of industrial exoskeletons has expanded rapidly in recent
years, driven by the need to provide better worker healthcare, the
prevention of injuries, the need to retain older workers within the
working population, and demands for greater efficiency within all
aspects of the work process. However, to utilize an exoskeleton in an
industrial environment, it has to pass through several phases of TRL
levels. Each TRL level offers specific objectives during the evaluation
of the exoskeleton, ranging from the type of subjects and assessment
typology to the testing environment. It is very crucial to recognize these
factors for an effective assessment of the exoskeleton. Several studies
have been undertaken in recent years; however, no study has focused
substantially on exoskeleton evaluation in different TRLs. This review
paper investigates the state of the art regarding the adoption, evalua-
tion, and impact of industrial exoskeletons across all sectors in different
TRLs, with the selection of 45 papers entirely fitting this criteria. The
analysis showed that the manufacturing industry has the highest rate of
WMSDs and OEs adoption. It also revealed that EMG and questionnaires
are the most assessed typologies for evaluating OEs. Furthermore,
a reduction of EMG activity was demonstrated in back support and
upper limb exoskeletons, and positive evaluation of questionnaires
was also reported. Additionally, a framework was recommended for
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the effective assessment of OEs at different levels of TRL which can
help the scientific community in assessing OEs in a systematic way.
Based on the outcome of this study we underline the need to further
study and assess exoskeleton in industrial sectors that so far have been
overlooked. In addition, active exoskeletons should be promoted to be
assessed in higher TRL stages, particularly active shoulder exoskeletons.
Moreover, studies conducted with lower limb exoskeletons can also be
analyzed since they were not part of this review. However, the number
of studies regarding lower limb exoskeletons was significantly low,
which in return, should motivate future researchers to conduct studies
on lower limb exoskeletons and also regarding the assessment of these
exoskeletons. Additionally, it is advised to utilize alternative keywords
to locate research that the authors may have overlooked. This will assist
in creating a cumulative outcome that will be free of bias and based on
the critical examination of several researchers.
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