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Abstract: Recently, exoskeletons have been gaining popularity in many
industries, primarily for supporting manual assembly tasks. Due to the relative
novelty of exoskeleton technologies, knowledge about the consequences of
using these devices at workstations is still developing. Digital human modelling
(DHM) and ergonomic evaluation tools may be of particular use in this context.
However, there are no standard integrations of DHM and ergonomic
assessment tools for assessing exoskeletons. This paper proposes a general
method for evaluating the ergonomic effects of introducing an exoskeleton in a
production context using DHM simulation tools combined with a modified
existing ergonomic assessment framework. More specifically, we propose
adapting the Assembly Specific Force Atlas tool to evaluate exoskeletons by
increasing the risk level threshold proportionally to the amount of torque that
the exoskeleton reduces in the glenohumeral joint. We illustrate this adaptation
in a DHM tool. We believe the proposed methodology and the corresponding
workflow can be helpful for decision-makers and stakeholders when
considering implementing exoskeletons in a production environment.
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1 Introduction

Simulation has become a key tool across many industries for providing insights into the
potential impacts of certain design alternatives of anticipated systems or changes to
existing systems, enabling stakeholders to make data-based decisions. In the context of
production design, simulation tools have become an integral part of the design and
decision processes by allowing for rapid testing of multiple workstation configurations
without interrupting production (Riiimann et al., 2015; Schluse et al., 2018). Digital
human modelling (DHM) tools are part of a suite of simulation tools and methods
designed to add digital humans with diverse anthropometries (Brolin et al., 2019) into
computer-aided design (CAD) and simulations (Scataglini and Paul, 2019; Demirel et al.,
2021). In DHM simulations, the manikin can be simulated as completing various
production tasks, including interacting with production tools and equipment. For any
given manikin in a DHM simulation, DHM tools can provide predictions about various
ergonomic factors relating to using a candidate workstation with some set of tools. This
paper will explore one potential method for using DHM tools to evaluate the ergonomic
impact of introducing an exoskeleton in a production context. To this end, we will discuss
critical considerations for simulating exoskeletons in DHM tools and provide an example
of one such simulation along with a demonstration of simulation results as they relate to a
widely used ergonomic assessment tool. Given the relative lack of independent methods
for evaluating exoskeletons in varied production environments and with varied users, we
believe further research relating to evaluations of exoskeletons in DHM tools is critical.
However, given the current state of the art, we will only provide a rough sketch of one
approach to exoskeleton evaluation using a DHM tool.

One of the core objectives of DHM tools is to support the ergonomic evaluation of
workstations with the outcome that workstations will provide good working conditions
for workers. However, there are some situations in which a workstation cannot be
designed or redesigned to provide ideal ergonomics (this is a common situation in
industries such as automotive or construction), increasing strain on workers and risks of
injury. In some of these situations, exoskeletons may provide a good solution, balancing
cost or product constraints and the ergonomic needs of the worker, as well as compliance
with applicable regulations in regards to ergonomics.
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Upper-body exoskeletons that support overhead work seem to be a promising solution
to this kind of challenge, potentially requiring little to no modification of the workspace
while providing potentially significant ergonomic improvements for workers (Trdster
et al., 2018; Bornmann et al., 2020; Maurice et al., 2020). Unfortunately, due to the
relative novelty of commercial exoskeleton technologies, few independent studies
identify the ergonomic consequences of using exoskeletons at workstations and almost no
insight into long-term usage impacts. DHM tools may be of particular use in this context,
providing insights into the ergonomic impacts of exoskeletons and providing the
possibility for simulated comparisons among specific exoskeleton options for a specific
use case and across a diverse group of potential workers.

Existing research on the effects of wearing exoskeletons typically focuses on muscle
activation using electromyography (EMG) sensors and joint angle/torque measurements
based on motion capture (mocap) in either lab or production environments. Regardless of
the context, these studies typically compare the differences in muscular activity or range
of motion between wearing an exoskeleton and not wearing it. Studies on how
exoskeletons influence muscular activity usually find a reduction in the muscular activity
in the shoulder muscles when wearing exoskeleton (Kiguchi and Hayashi, 2012;
Huysamen et al., 2018; de Vries et al., 2019; Schmalz et al., 2019) When EMG is not
involved, range of motion tends to be the focus. For example, Baltrusch et al. (2018) and
Perez Luque et al. (2020) investigated how exoskeletons influence workers’ range of
motion. There are fewer studies published that explore the ergonomic impacts of
exoskeletons using simulations in DHM tools. However, examples include Zhou (2020),
who presented a simulation framework for designing and evaluating exoskeletons, and
Fritzsche et al. (2021), where they used the DHM tool AnyBody to do biomechanical
simulations of how exoskeletons influence physical strain. Similar to studies in the field,
DHM-based exoskeleton studies typically focus on specific human anthropometries
and/or exoskeleton systems (Troster et al., 2018). The insights from the simulations are
limited to specific exoskeletons and users, and there is little discussion of methods for
comparisons across systems or use contexts. Thus, while these studies provide valuable
data points, it is difficult for stakeholders to base decisions on these studies or compare
their situations and simulations to these studies.

Several commonly used physical ergonomics evaluation tools are used to assess
work-related musculoskeletal disorders risks across production contexts. Typically, these
tools focus their assessments on specific bodily exposures, such as postures or forces
applied during work generally. Moreover, ergonomics evaluation tools are typically used
to assess certain types of work activities. Examples of tools are Rapid Upper Limb
Assessment (RULA) for assessing loads on upper limbs (McAtamney and Corlett, 1993),
Rapid Entire Body Assessment (REBA) (Hignett and McAtamney, 2000) and Ovako
Working Posture Analysing System (OWAS) (Karhu et al., 1977) for assessing full
bodywork. Because one main objective of exoskeletons is to provide force support during
work, e.g., offering force support on upper arms during overhead work, assessment tools
that consider lifting tasks and forces can potentially be applicable to assess the effect of
using exoskeletons during work. Examples of such assessment tools are National Institute
for Occupational Safety and Health (NIOSH) Lifting Equation for assessing lifting tasks
(Waters et al., 1993) and 3D Static Strength Prediction Program™ (3D SSPP) for
assessing static strength and estimating the percentage of the population capable of
exerting force demands.
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Often ergonomic assessment tools, as initially developed, depend in part on expert
human observers in specific or well-defined scenarios. For tools like the 3D SSPP, force
estimations can be further complicated by the complexities involved in estimating force
capabilities via biomechanics modelling (Hall et al., 2021).

Some ergonomic assessment tools have been adapted in the context of DHM tools,
allowing for automatic and fast insights. Not all of these tools may be useful or
meaningful in the context of exoskeleton evaluation and comparison, and there is a
general lack of standard criteria and methods for assessing the effects of exoskeletons
using these tools (Gull et al., 2020).

When considering which assessments might be helpful for exoskeleton evaluation, it
is essential to consider the granularity and type of information needed. Some tools
provide easy to read and interpret total risk scores or colour schemes to signify risk
levels, as in the RULA, REBA, or OWAS tools. However, these results may not relate to
relevant features of the workstation, exoskeleton, or production processes, such as forces
or torques applied to the worker’s end-effectors or joints. While it may be helpful to have
a high-level go/no go insight into the impact of an exoskeleton, more granular insight
might clarify which changes to the workstation can complement a given exoskeleton.
Specific assessment tools may even allow for more direct and granular comparisons
between exoskeletons in specific contexts.

While no single assessment tool fulfils all the ergonomic evaluation needs in the
current context, one potentially important, and so far unexplored, candidate method for
comparative and quantitative evaluation of exoskeletons is the Assembly Specific Force
Atlas (ASFA) evaluation tool (Schaub et al., 2015). ASFA is based on an empirical
collection of hand force capabilities of 273 male workers, measured in six specific force
directions and in nine specific vertical distances from ground level to load. The tool
estimates a maximum hand force based on an expected maximum voluntary contraction
based on the empirical data. Maximum hand force estimates are specified in terms of
population percentile, posture, force direction, and several other pre-defined factors.
Factors are used to adjust the estimated maximum force by considering aspects such as
age, gender, frequency, symmetry/asymmetry, one/two-handed force exertion, and
duration. When designing a workstation, the 15th percentile value, i.c., assuming that
85% of the population would be able to exert the force safely, is recommended as a
starting point to ensure a sufficient safety margin. When assessing a potential
workstation, a force index can be calculated by dividing the actual (or simulated) forces
involved in a workstation by the maximum safe force (estimated based on selected
percentile and factors). This force index serves as the basis for identifying a simplified
colour coded risk level indicator. A simplified version of ASFA is implemented as part of
the holistic ergonomics assessment tool Ergonomic Assessment Worksheet (EAWS)
(Schaub et al., 2012).

In this work, we build on our previous study in which we proposed a framework to
simulate the effect of exoskeletons in DHM tools (Rivera et al., 2021) (Figure 1). More
specifically, we propose the adaptation of the ASFA tool to the evaluation of
exoskeletons, and we use the previously proposed framework to illustrate how to adapt
the ASFA for evaluating exoskeletons in DHM tools. The particular application in this
paper is intended to be illustrative of the proposed method and not a rigorous claim about
a particular exoskeleton’s impact. Thus, this paper aims to demonstrate how traditional
ergonomic evaluation tools could be adapted to the use and assessment of exoskeletons in
an existing DHM tool.
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Figure 1 Illustration of human-exoskeleton interaction, adapted from Wolf et al. (2020)
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2.1 Methods for integrating DHM and exoskeleton simulations

In order to use DHM tools to assess the ergonomic effects of exoskeletons on workers, it
is necessary to understand the kinds of interaction models typically used in DHM tools.
According to Wolf et al. (2020), there are three approaches to modelling interactions
between virtual products and virtual humans: predicting human behaviour as a function
of product behaviour, predicting product behaviour as a function of pre-defined human
behaviour, and predicting human and product behaviour as a mutually dependent
feedback loop. While any of these approaches may be used to produce valid DHM
results, we will focus on an approach that predicts human behaviour as a function of
pre-defined product behaviour. A product can be any object that the manikin interacts
with. Using this approach, product paths (the product’s motion from the initial to the final
position) are defined independently of the manikin or biomechanical constraints. The
DHM tool then attempts to find a valid posture (via an inverse kinematics solver) or
behaviour solution given that product motion path. A single posture is predicted in the
limited case where the product path has only one position, and a product path will be
referred to as a product state in this case. Figure 2 shows simulations of the manikin
performing work in both exoskeleton and non-exoskeleton conditions, aligning with the
postures and force directions specified in the ASFA.

Thus, in the current approach, the exoskeleton’s behaviour (represented as forces
acting on the manikin) is predicted as a result of a given posture, which in turn is the
result of a product state (Figure 3). This approach assumes that the exoskeleton’s
relationship to the body can be known for any given posture and some set of static forces
applied to the body at the relevant contact points.

The DHM tool used for the simulations was IPS IMMA version 3.11 (Industrial Path
Solutions, Gothenburg, Sweden). The manikin postures in IPS IMMA are generated by
an inverse kinematics solver where a comfort function seeks to optimise comfort while
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fulfilling current constraints (assuring physiologically feasible postures) and where forces
are treated by quasi-static methods (Bohlin et al., 2012). While a dynamic force
simulation is preferred for a complete picture of exoskeleton effects on workers, the
ASFA evaluation tool provides feedback on force-joint torque relationships for a specific
set of static postures. Thus, for the current work, as long as static forces can be calculated
for a specific posture and static joint torques calculated as the resultant of those forces,
the DHM tool should be able to represent the impacts of an exoskeleton on a manikin in
terms of the ASFA.

Figure 2 Examples of work situations simulated (see online version for colours)
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Notes: PSTU_A+ without exoskeleton (upper left), PSTA A+ (upper right) with
exoskeleton support force on upper arms (blue arrows), PSTU_A— with
exoskeleton (lower left) and PSTA A-— without exoskeleton (lower right). Green
arrows mark external forces applied to hands

Figure 3 The interaction model
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Upper body exoskeletons come in various designs and apply support forces in different
locations on the users’ bodies, typically along the arms, the shoulders, and lower back
(usually the weight of the device, since the exoskeletons typically rest on the lower back
using a belt). Further, force vectors and profiles can vary between exoskeletons and
exoskeleton calibrations based on user needs. In order to simulate an exoskeleton in a
DHM tool, it is necessary to know where the exoskeleton applies forces to the body and
which forces it applies. The Ottobock Paexo Shoulder (Paexo) exoskeleton (Ottobock,
Berlin, Germany), used in this study, is a passive upper-body exoskeleton that supports
arm motions by applying forces to a point along each upper arm between the elbow and
shoulder, typically in the middle of the upper arm. The forces are applied perpendicular
to the long axis of the humerus bone from underneath the arm (below the triceps muscle).
Forces are applied according to a nonlinear force profile driven by the extension/flexion
angle of the shoulder joint 6y such that

va = f(0y) 1)

where v, is a force vector applied to the upper arm. For the current case, v, is a
three-dimensional vector defined by v, = (0, Fi, 0) where F1, is a force applied
perpendicular to the long axis of the humerus as described above. The parallel and lateral
force values are assumed to be 0 as the Paexo does not apply forces in those directions.
The precise mathematical description of a given exoskeleton depends on the design of the
exoskeleton and the specific use case, along with the physical properties of the
exoskeleton, defined by the force profile. The formulation of f{0,) may include additional
terms such as gravity, limb segment masses, exoskeleton weight, or user strength to
predict the force support provided by a given exoskeleton. The force profile may be
derived from technical literature on a given exoskeleton or from empirical tests of an
exoskeleton.

In the DHM software, the forces produced by the exoskeleton for a given posture can
be specified by equation (1), where the DHM software provides the value of 6. The flow
of the simulation then begins by specifying a product state. The DHM tool then predicts a
manikin posture for the product state using the relevant biomechanical angles to predict a
force vector that the exoskeleton would apply given the predicted posture. If the DHM
tool predicts both joint angles and joint torques, the predicted joint torques can be
adjusted according to the force applied by the exoskeleton. The predicted joint torques
can provide insight into the amount of potential effort reduction for that posture while
wearing the exoskeleton. While this on its own may be a helpful insight, the reduction of
required joint torque can also be used to assess the ergonomic benefit of the exoskeleton
in the context of the ASFA assessment.

2.2 Method to assess ergonomics

The ASFA tool is used in this study as a guideline to assess work tasks regarding force
exertion, with and without using an exoskeleton. The recommendations of maximum
hand forces, and the corresponding risk levels, in ASFA, are developed to assess force
exertion without using any assistive device, such as an exoskeleton. Based on the
assumption that the shoulder joint strength demand is the limiting factor, we assume that
the force threshold values recommended by the ASFA tool will be affected due to the
effect of the exoskeleton. The study aims to investigate this assumption in more detail by
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the use of a DHM tool. Since overhead work is a common application for exoskeletons,
the focus is on upper limbs exoskeletons that assist overhead work. Thus, we assume that
the operator is standing and is applying force parallel to the body. We chose to study
these four work situations out of the 54 work situations included in ASFA:

e  Posture standing, upright work (PSTU), human is applying force in an upwards
direction, 150 cm vertically from the floor (here denoted PSTU A+).

e Posture standing, upright work, human is applying force in downwards direction,
150 cm vertically from the floor (here denoted PSTU A-).

e Posture standing, above head work (PSTA), human is applying force in an upwards
direction, 170 cm vertically from the floor (here denoted PSTA_A+).

e Posture standing, above head work, human is applying force in downwards direction,
170 cm vertically from the floor (here denoted PSTA_A-).

As for the force magnitudes, we chose to investigate the threshold forces between the risk
levels green and yellow, and between yellow and red, according to the maximum
recommended forces of ASFA and the risk levels of EN 1005-3:2002+A1:2008 (2008).
To clarify, the threshold force between the risk level green and yellow was achieved by
multiplying the maximum recommended force with 0.7, and the threshold force between
the risk level yellow and red by multiplying the maximum recommended force with 0.5.
According to EN 1005-3:2002+A1:2008 (2008), a value ratio of <0.5 is green (low risk/
recommended), a ratio between 0.5 and 0.7 is yellow (possible risk/not recommended),
and a ratio of >0.7 is red (high risk/to be avoided). As recommended by ASFA, for
design/planning, the 15th force percentile was used for defining the maximum
recommended forces. In regards to the factors used in ASFA, for this study, the age factor
(P1) was set to 1 (i.e., assumed the age of the operator/population to be around 30 years
of age), and the gender factor (P2) was set to 0.5 (i.e., assuming a female or
mixed-gender population). The frequency factor (T1) was set to 1 (i.e., assuming no
frequency of force exertion), the biomechanics factor (T2) was set to 1 (i.e., symmetric
load, two-handed force exertion), and the physiology factor (T3) was set to 1 (i.e., no
frequent force exertions in unfavourable working postures, or force exertions within
long-lasting periods in unfavourable working postures). As this is a comparative study
looking at effects with and without exoskeleton, the choice of values for the factors is not
as important as using the same values for each compared case.

Table 1 Forces per work situation (posture and force direction) and risk levels
Work situation PSTU A+ PSTU_A- PSTA A+ PSTA_A-
Original max 190 203 180 205
rec. force (N)
Risk level Green Yellow Green Yellow Green Yellow Green Yellow
EN 1005-3
Threshold factor 0.5 0.7 0.5 0.7 0.5 0.7 0.5 0.7
Force per hand, 47.5 66.5 50.8 71.1 45 63 51.3 71.8
Frn (N)

Table 1 shows the maximum force per hand Fp (i.e., half of the recommended force
exerted by each hand), given by the ASFA tool, considering the risk levels described
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above. The forces listed in the lower row in Table 1 were used in the DHM simulation as
the external hand forces applied for the four work situations when not using an
exoskeleton. The external forces were applied in the opposite direction to the forces
applied by the manikin, meaning that the manikin needed to apply an equal magnitude
force in the opposite direction, i.e., in direction A+ or A—, to keep equilibrium (Figure 2).
For each work situation, by reading the torque in the shoulder joint in the DHM tool and
considering that specific torque value as the limiting factor, i.e., not to be exceeded, we
could calculate a corresponding assumed max external hand force when using an
exoskeleton, i.e., with consideration of the force the exoskeleton provides on the upper
arms, that would cause the same joint torque.

2.3 Simulation in DHM tool

A female manikin with a stature of 162 cm was created in IPS IMMA, corresponding to
the 50th percentile in the ANSUR anthropometric database (Gordon et al., 1989). The
remaining anthropometric dimensions were automatically predicted by IPS IMMA
(Brolin et al., 2019).

Figure 4 Illustration of the force-angle relation of the exoskeleton (see online version
for colours)
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Each of the four selected ASFA work situations (PSTU_A+, PSTU_A-, PSTA A+ and
PSTA_A-) was setup in the DHM tool. Two product attachment points were created, one
on each hand, where the external forces were applied. For each work situation, the
corresponding force Fy; in Table 1 was applied on the manikin. With that, we obtained the
associated shoulder joint torque 7 when not using an exoskeleton.

The next step was to add the exoskeleton model to the manikin. It was accomplished
by using a scripted function that simulated the application of force F1, on the upper arms
of the manikin. The specific form of the function in equation (1) was derived by
measuring the force characteristics of the Paexo exoskeleton with an assumed typical
calibration. The force was measured in several positions by using a goniometer to
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measure the exoskeleton angle and a dynamometer to measure the force. With the
extracted values, we built a function relating the exoskeleton position and the force
applied in that position that was transferred to the digital model. Figure 4 shows the
values that were measured for an assumed typical calibration in the Paexo Shoulder
exoskeleton.

Figure 2 illustrates how external forces were applied to the manikin for different work
situations, where the blue arrows in the upper arms of the right manikin illustrate the
force F1, acting on the manikin. With the force F1, applied to the upper arms, hand force
F was adjusted so that the shoulder joint torque while wearing an exoskeleton, Ty,
became close to the shoulder joint torque while not wearing an exoskeleton, 7. The
resultant force F causing a corresponding joint torque could be read from the DHM tool.
Hence, based on the given assumptions, Fx would represent how the exoskeleton affects
the maximum recommended hand force.

3 Results

By following the process in Figure 5, we obtained the data shown in Tables 2 and 3 for
work situations PSTU (150 cm) and PSTA (170 cm), respectively, without and with
exoskeleton. The tables show the hand force direction, the maximum recommended hand
force, and the corresponding comparative shoulder joint torques for green and yellow
threshold values of EN 1005-3:2002+A1:2008 (2008) within the ASFA. The difference
in magnitude, as well as ratio, between Fj and F), are provided to ease the analysis of the
effects of the exoskeleton on the maximum recommended hand force.

Figure 5 Flowchart of the followed process to verify the impact of exoskeleton
(see online version for colours)
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The maximum recommended hand forces given in Tables 2 and 3 are per hand. Also, the
values are reduced by 0.5 and 0.7, respectively, to correspond with the green and yellow
risk levels of EN 1005-3:2002+A1:2008 (2008). To ease comparison with the non-
reduced maximum recommended forces given by ASFA (upper row in Table 1), Table 4
shows the original ASFA values (still with factor P2 = 0.5) together with F\ modified to
the total force (both hands) and non-reduced in regards to risk levels. For each work
situation, the average value of the modified F, value drawn from the green and yellow
risk level results in Tables 2 and 3 was calculated.
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Table 2 Maximum recommended hand forces and corresponding shoulder joint torques, with
and without exoskeleton, for work situation PSTU
Hond Without exoskeleton With exoskeleton
an
force Threshold — [apq Shoulder Hand ~ Shoulder Fx—Fn F.J/Fu
direction level force Fu  torque T force Fu  torque T N)
N (Nm) N) (Nm)
A+ Green 47.5 22.4 55.9 23.1 8.4 1.18
Yellow 66.5 28.7 75.4 28.2 8.9 1.13
A- Green 50.8 10.2 38.1 9.3 -12.7 0.75
Yellow 71.1 16.9 59.2 20.3 -11.9 0.83
Table 3 Maximum recommended hand forces and corresponding shoulder joint torques, with
and without exoskeleton, for work situation PSTA
Hand Without exoskeleton With exoskeleton
an
force Threshold — fgpd Shoulder Hand  Shoulder Fx—Fn Fo/Fu
direction level force Fu  torque T force Fu  torque T
N (Nm) N (Nm)
A+ Green 45 21.2 51.1 20.6 6.1 1.13
Yellow 63 27 69.5 26.5 6.5 1.10
A- Green 513 9.5 40.5 8.6 -10.8 0.79
Yellow 71.8 16 61.9 15.4 -9.9 0.86
Table 4 Comparison of the original maximum recommended hand forces of the ASFA with
the modified maximum recommended hand forces when using an exoskeleton
Work situation PSTU A+ PSTU A- PSTA_ A+ PSTA A-
Original ASFA max rec. force without 190 203 180 205
exoskeleton, Fo (N)
Modified max rec. force with exoskeleton, 219 161 201 169
Fu(N)
Fu—Fo (N) 29 42 21 -36
FulFo 1.15 0.79 1.12 0.82

4 Discussion

The study aimed to demonstrate a methodology for simulating and evaluating
exoskeletons using a DHM tool environment. While different DHM tools have different
capabilities relating to exoskeleton simulations, there is, as of yet, little discussion of
methods for evaluating exoskeletons using DHM or similar simulation tools. We have
proposed the ASFA as one candidate evaluation tool which can provide a standard for
comparing potential exoskeleton solutions. While the ASFA is limited in this application
to specific use contexts and it is based on force levels measured from the male
population, it also provides a clear set of standards as well as a correction factor for
female or mixed-gender populations (which was applied in this study, see factor P2 in
Subsection 2.2), and its use of fixed postures and factors makes it relatively
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straightforward to apply for exoskeleton comparisons. In the study, we were able to
produce the expected simulation results and adjust the simulation in order to produce
values that could be compared within the ASFA evaluation tool. While we believe the
demonstrated approach is useful for supporting decisions related to exoskeletons in
production, the study also highlighted several challenges presented themselves.

In the study, we used a specific exoskeleton and a single manikin representing the
50th percentile female worker. Moreover, the exoskeleton could be calibrated to specific
user needs, and the exoskeleton model reflected only a single calibration. Although the
results are assumed to be similar in different cases with the same system, the study results
are limited and should correspondingly not be interpreted too broadly. Different
exoskeletons, calibrations, users, and workstation configurations are likely to lead to
different results. Although the conditions of this study are particular to our Paexo
Shoulder exoskeleton, the results provide a good insight into how the different postures
within ASFA and the different force directions affect the shoulder joint torque and hand
forces. Our objective is to present an initial framework for how an ergonomics evaluation
tool can be adapted to the use of an exoskeleton. This is not to say that the results or
proposed methods are meaningless. Instead, it highlights the importance of considering as
wide a range of use cases, scenarios and aspects as possible. For instance, there are many
additional ergonomics factors that are likely to influence decisions to implement
exoskeletons, and their acceptance by end-users, e.g., comfort, collisions, and
adjustability. While certain aspects, such as comfort, are subjective and difficult to
simulate, even though there are simplified methods to assess comfort by looking at joint
angles, DHM tools are well-suited to study other aspects of exoskeleton’s
implementation, such as possible collisions between the human body and the
exoskeleton, and with the surrounding environment. Stakeholders can specify and explore
possibilities using DHM tools in order to get a better perspective on the impact of various
exoskeletons on worker well-being and system performance. One core advantage of
DHM simulation tools is that they are often explicitly designed to allow for this kind of
explorative evaluation, testing multiple scenarios and potential users in silico before
moving to physical tests and validation.

As noted in Section 2, the study is based on the assumption that the shoulder joint
strength demand is the limiting factor. Hence, we consider each entire arm as rigid body,
and we only consider the changes in the torque magnitude in the glenohumeral joint. This
biomechanical simplification can be questioned. Increased forces in hands, possible
thanks to the exoskeleton support, will indeed cause increased loads on the hand and the
arm, e.g., in the wrist and the elbow joint. Future studies should consider the assessment
of the effects also on the hands and arms, and preferably the effects of the exoskeleton on
the entire human biomechanical system.

Exoskeletons introduce an extra weight load, typically applied mainly on the lower
back since most upper body exoskeletons are attached with belt-like systems. This extra
weight was not considered in this study. Still, the Paexo Shoulder exoskeleton used in
this study is comparatively light, with a weight of approximately 1.9 kg (Ottobock,
Berlin, Germany).

In the DHM simulations, we created a manikin according to the 50th percentile
female manikin from the ANSUR anthropometric database (Gordon et al., 1989). This
database is old but widespread and generally available. Still, in future studies, it will be
beneficial to use a more recent anthropometric database and also to create a family of
manikins as virtual test subjects in order to better represent the target population.
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As discussed previously in Rivera et al. (2021), exoskeletons have different physical
and mechanical properties, affecting how and where forces are applied to the user.
Further, calibration options may make a given exoskeleton’s exact force support
properties challenging to simulate precisely. The additional lack of documentation of
exoskeleton properties or agreed standards in exoskeleton specifications often means that
detailed simulations require empirical measurements. If the simulations aim to support
decisions regarding which not-yet-purchased exoskeleton is best suited to a production
context, the stakeholders face a bit of a ‘chicken and egg’ problem. If DHM and similar
simulation tools are to be put into widespread use for this kind of decision support, better
exoskeleton documentation and specification standards are needed.

Another challenge involves the limits of physics predictions in the exoskeleton
simulations. In our study, we should be able to estimate a force on hands while wearing
the exoskeleton that will result in a shoulder joint torque equivalent to a given torque
produced when no exoskeleton is worn. However, as can be seen in Tables 2 and 3, there
were some differences between T and 7. There may be multiple factors that caused this,
where one is assumed to be the optimisation-based posture prediction utilised by the
selected DHM tool (IPS IMMA), which may select slightly different postures when the
upper arm forces of the exoskeleton are simulated. Efforts were taken to avoid simulated
posture differences, but the nature of the inverse kinematics solvers implemented in many
DHM tools means that complete control of posture predictions is not possible in every
situation. Finally, minor errors may have been exaggerated due to floating-point errors in
the underlying code of the simulation systems. It is worth noting that DHM tools are
overall quite precise and capable of posture prediction, but in this case, even minimal
errors could have unexpected effects, though we do not expect them to be significant.

Considering these challenges, we can also identify some interesting insights from the
exploratory study. Because the work situations PSTU and PSTA involve different arm
positions, the exoskeleton applies different force magnitudes in each situation, and the
joint torque implications are thus different. The green threshold force for PTSU in the A+
direction is increased by 8.4 N, but for PSTA, it is increased by 6.1 N. Since the arms are
held higher in the PSTA posture, these numbers fit with the experienced force profile of
the Paexo Shoulder exoskeleton, which provides maximum support at a roughly 90
degrees arm elevation (closer to PSTU in this case). Another finding is that the
exoskeleton reduces the maximum recommended force in force direction A—. This may
be obvious since, in this case, the exoskeleton hinders the human from performing the
task. Indeed, the Paexo Shoulder exoskeleton is designed to give force support in an
upwards direction, but still, it is a valuable finding since it highlights the concerns that
may occur if a work task sequence requires the human to exert forces in varying
directions. In such case, the use, or the design of the exoskeleton, would need to be
modified to suit the nature of the work, e.g., with a function to turn on and off the force
support. This kind of qualitative insight can be beneficial when considering whether to
introduce an exoskeleton or deciding between exoskeleton solutions. Especially if
specific postures and force directions are more or less likely within a production task.
These insights could be further improved if multiple ASFA work situations are mapped
to the target production task and are used to provide insights into how well a given
exoskeleton will keep forces within acceptable levels.
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5 Conclusions

This paper proposes a general method for evaluating the ergonomic effects of introducing
an exoskeleton in a production context using DHM simulation tools and an existing
ergonomic assessment framework. In general form, we believe this kind of methodology
and the corresponding workflow can be helpful for decision-makers and stakeholders
considering implementing exoskeletons in a production environment. Using DHM
simulation tools provides the ability to test multiple exoskeletons and workstations
without time-consuming and costly tests with actual equipment and workstations. DHM
tools also allow for considering different anthropometries ensuring insights that benefit a
more diverse workforce. Moreover, using the simulation results to update
recommendations from existing ergonomics evaluation methods allows for decisions to
be made with existing known tools. As new evaluation methods are developed that
consider exoskeleton evaluation from inception, this later advantage will be likely less
valuable. The overall aim of implementing quantitative and comparable evaluation
metrics for exoskeletons in DHM tools is a valuable endeavour and one we believe can
only benefit production design, exoskeleton development, and (most importantly)
workers.
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