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ABSTRACT

The use of exoskeletons promises improved ergonomics, empowerment of users and prevention of
musculoskeletal disorders. However, the development process is complex and a generic development
methodology that will guide and assist designers through it is missing. The goal of this paper is to
describe a methodological approach that will assist the conceptual design of exoskeletons. Based on
derived methodological requirements, activities 1, 2, and 3 of the VDI 2221 (Methodology for the
development of technical products) are specified to adapt the generic guideline to the development
process of exoskeletons. These activities include the analysis and determination of the relationship
between the use case, product requirements and motions, technical functions, and design solutions. For
generating a list of product requirements designers must focus on the workers' motions and needs for a
for a task-specific and personalised development. Use case specific movements are generalised by
using rotational and translational basic movements that result in six degrees of freedom and from
which a function structure is derived. The method is critically reviewed based on the established
methodological requirements.
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1 INTRODUCTION

1.1 Motivation

Decision-makers in companies must deal with the challenge of managing various changes in workforce
structures and their impact on working conditions. Despite ongoing advances in automation and
technology, the need for flexible, physically demanding human work will persist in the future.
Measures must be developed to enable employees to carry out their professions in the long term and
without physical harm. (Calzavara et al., 2020)

In this context, the development and use of industrial exoskeletons address three main changes in the
workforce structure. Firstly, the occurrence of work-related musculoskeletal disorders (WMSDs) are one
of the main causes of health-related withdrawal from employment and absenteeism (European Agency
for Safety and Health at Work, 2010). A variety of risk factors contribute to the probability of WMSDs
occurring, e.g. the manual handling of loads, repetitive movements, working in unergonomic postures
and exposure to vibrations (da Costa and Vieira, 2010). In 2016, more than 23.5 % of the workforce in
Germany was engaged in work that exposes them to one or more of the mentioned risk factors (Federal
Institute for Occupational Safety and Health, 2017). Even within the profession of physical therapists,
who study body mechanics and injury prevention early in their education, more than 90 % suffer from
WMSDs during their lifetime (Vieira et al., 2016). Secondly, a survey shows that more than 50 % of the
companies see the shortage of skilled workers, especially in physically demanding working activities, as
the greatest threat to the development of their business (Association of German Chambers of Industry
and Commerce, 2019). Thirdly, the workforce is getting older, which results in a higher overall risk for
WMSDs. The demographic ageing of society has a big influence on the mean average age of workers,
which becomes visible by the employment rate of 60-64-year-olds. In 2017, 53 % of women and 64 % of
men that age were employed, compared to 25 % and 41 % in 2007 (Federal Statistical Office, 2018).
This is because of a lack of young skilled workers due to demographic ageing, government restrictions
on early retirement options and the company’s dependence on elderly workers.

1.2 Problem statement

To counteract and adapt to the changing workforce structure, the use of exoskeletons promises a
reduction of physical stress on employees as well as the possibility of enabling physically handicapped
or elderly persons to work. Furthermore, exoskeletons offer a reduction of the occurrence of workplace
health risks, such as WMSDs. Companies will not only benefit from the flexibility of the human worker
but also from the enabled power and endurance from the robotic device. (Dahmen et al., 2018)

The development of exoskeletons for use in work environments has been a research focus for only a few
years (Gull et al., 2020), with the primary focus on working principles, technical details and
biomechanical adaptation to the human body. However, the development process of exoskeletons
remains complex as it currently has no specific guidelines on how to get the development systematically
structured (Bostelman et al., 2017). Consequently, a key issue in developing exoskeletons that still must
be addressed is a missing generic development methodology, which will guide and support engineers
through the big variety of different use cases, tasks, and solutions (Hansen et al., 2018).

Referring to Sauer et al. (2003), a systematically structured design task is an important part in the early
design phase, where the features of the product are established. Conventional process models like the
VDI 2221 guideline or the Munich Procedural Model allow a holistic approach and overview of the
development process (VDI, 2019; Ponn and Lindemann, 2011). Accompanying methods that
supplement the general methodological development are to be found in the relevant literature (Roth,
2000; Feldhusen and Grote, 2013; Lindemann, 2009). Design methodologies enable a controlled and
verifiable approach that is appropriate to the design task to obtain resilient solutions (Feldhusen and
Grote, 2013). However, especially in a dynamic, evolving, and quick changing industry, a rigid,
inflexible, and not specified methodology might hinder the development rather than assist the designer
(Birkhofer et al., 2002; Sauer et al., 2003). As a result, industries are reluctant to adopt (theoretical)
design methodologies, which also applies to the exoskeleton industry. Badke-Schaub et al. (2011)
identify specific deficits to design methods that need to be addressed. As one of the deficits they
indicate that design methodologies are not adapted to different situational conditions and thus they do
not consider the industry or the specific design process they are used for. Referring to that, Feldhusen
and Grote (2013) point out that for a methodology to be usable in practice, it must contain precise
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instructions for action, which a conventional process model cannot provide on its own. Consequently,
the methodology must be adapted to the individual application situation (Ponn and Lindemann, 2011).
Thus, to reduce uncertainties and avoid inappropriate strategies in the design of exoskeletons, a
methodological approach adapted to the specific design process of exoskeletons is needed. Such a
methodology will oppose the complexity of the development process, which includes many
uncertainties, different design parameters, solution options, and involved scientific disciplines, to
reach the goal of designing task-specific and personalised exoskeletons.

2 STATE OF THE ART

2.1 Definition of exoskeletons

A literature review shows that there is no standard definition of technical exoskeletons yet, although

many sentence fragments of existing definitions use the same wording or address at least the same

working principles. This indicates that there is a common understanding of what exoskeletons are.

Having a closer look at a variety of definitions published in scientific papers, reference books, and

project reports it is possible to identify the common phrases in these definitions.

Exoskeletons are wearable, external mechanical structures (Looze et al., 2016; Karvouniaria et al.,

2017) that are sometimes referred to as wearable robots (Pons, 2008; Bai and Rasmussen, 2011) or

wearable devices (Toxiri et al., 2018a; Ngai, 2010). A common understanding is the fact that a

technical exoskeleton is worn by the user or attached to him. Some authors continue this idea and limit

the term exoskeleton to anthropomorphic devices (Herr, 2009; Perry et al., 2007; Chen et al., 2020). If

defined in this way, it emphasises the characteristic that exoskeletons follow the movements of the

wearers’ limbs and joints in a parallel way. In some cases, the definition includes the main purpose of

an exoskeleton to emphasise its field of application:

e  power enhancement and providing assistive force (Huysamen et al., 2018; Toxiri et al., 2018a),

e lowering/reducing physical stress (Hensel and Keil, 2018; Ippolito et al., 2020),

e augmenting and restoring the performance or power of the wearer (Herr, 2009; Exoskeleton
Report, 2015; Karvouniaria et al., 2017),

e enhancing strength, speed and endurcance (Low et al., 2005).

Furthermore, exoskeletons may be defined according to their specific use case or body segment they

assist, e.g. assisting the lower limb (Chis et al., 2020) or walking in general (Kuhn and Freyberg-Hanl,

2018). However, in this way other fields of applications are neglected.

Table 1. Phrases of definitions of exoskeletons

Statement Number of entries Applicable

Body worn / wearable / attached to the body 25 X
Increase performance 14

Mechanical structure 11 X
(Power/Force/Performance) Support 11
Reduce of loads/stress 9

Application of force on body 7 X

Human-machine interface 6 X
Support recovery 5
Anthropomorphic figure 4

Exchange of energy 4 X

Table 1 presents an overview of the phrases and the number of times those are found in the literature
review. It also indicates whether those phrases are applicable for a holistic definition so that their
various fields of application and their variety of main functions are included.

Considering these thoughts altogether, exoskeletons can be defined as follows:

Exoskeletons are wearable devices that interact mechanically with the wearers’ body (Schick, 2018).
This device is modelled based on the human anatomy in a way that its joints are adapted to those of
the human body to allow and support normal body movements (Fleischer and Zimmermann, 2008).
There is an effective transfer of energy between the wearer and the device (Pons, 2008).
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2.2 Analysing existing methods in developing exoskeletons

Research papers and projects focus mainly on the technical details of parts and assemblies as well as
analysing the biomechanical movements of the user and the corresponding exoskeleton (Toxiri et al.,
2018b; Yong et al., 2019). Recently, studies regarding the effectiveness and the potential of
exoskeletons are published as well (de Vries and de Looze, 2019; Bosch et al., 2016; Fox et al., 2019;
Theurel and Desbrosses, 2019; Koopman et al., 2020).

Clarification of Problem lterative Prototype Design VN
( Use Case ) Physical Prototype Physical Prototype .
|dentification Design Testing Individual
. 7 | .| Solution for
CADP | Specific
. [ RIENEE ] [ Evaluation ] Use Case
- Design
Determination of 2
L Requirements ) Adaptation \ /

Figure 1. Recent default developing process of exoskeletons

A default developing process can be identified by analysing previous research activities and
developments of exoskeletons. This default developing process is shown in Figure 1. Within the
process, two phases can be identified. The clarification of the problem is achieved by identification of
the specific use case and determination of subsequent requirements. The development of the
exoskeleton regarding establishing a working and sufficient individual solution uses an iterative
approach. The iterative procedure consists of the development of a prototype in CAD and physical,
labour-intensive prototype testing, evaluation of the results and subsequent adaptation of the prototype
under revised requirements. These iterative steps also include the potential for virtual prototyping to
study trajectories and loads on the exoskeleton. (Hansen et al., 2018)

Constantinescu et al. (2018) describe a method for the digital examination of prototypes at the
workplace and especially for the coupling of the CAD exoskeleton with a digital humanoid in a digital
workplace. This method is placed within the iterative prototype design phase. The method describes a
continuous improvement process of coupling the digital (CAD-) exoskeleton to a digital worker
(Constantinescu et al., 2016), simulating the working process, analysing the coupling mistakes, and
optimising them in a further coupling phase. This method allows the improvement of the
implementation of exoskeletons in a specific workplace. Thus, the number of physical prototype
iterations to test the real-life combination is decreased. However, it is not mentioned how the initial
exoskeleton CAD-design is developed.

Cruz Martinez and Z.-Avilés (2020) present a methodology for the design of upper limb
rehabilitation devices. It is divided into three phases. In the first phase (initial phase) a conceptual
model is developed and the device requirements are addressed. Within their second phase
(engineering phase) the authors suggest a differentiation of the main exoskeleton development into
several subsets that are designed individually. These are on the one hand the aided body part or
joints and on the other hand the electronic systems and the human-machine-interface. It gives a
holistic overview of the development process but does not include specific steps on how the
conceptual design parameters result from the determined motions, functions, and requirements. The
engineering phase can be applied to the iterative prototype design phase by providing further
specifying steps to design the initial prototype. The third phase (evaluation) is specific for the
development of rehabilitation devices.

Heidari et al. (2018) propose a task-based design methodology for the development of exoskeletons.
This method is based on a detailed assessment of the human body movements as well as an
identification of body movement paths instead of considering the human (robotic) joint movements. It
addresses the implementation of task- and movement-based kinematics into the development of
exoskeletons and thus provides the possibility of a task-specific and personalised solution. However,
for each new application there is no methodology described that will improve determining future
development solutions.
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3 RESEARCH GOALS AND METHODOLOGICAL REQUIREMENTS

As stated before, a systematic approach will improve the overall development process (Hansen et al.,
2018). Existing methodologies for exoskeletons focus either on the iterative prototype design phase
(Dahmen and Constantinescu, 2020; Constantinescu et al., 2018) or on the specifics of a single task
within the development process while neglecting the overall design process (Heidari et al., 2018; Hansen
et al., 2018). However, a methodology for the development of an initial conceptual exoskeleton design
specific to a particular application remains unknown. Thus, the goal of this paper is to describe an
approach of a holistic methodology that will help the initial design of task-specific and personalised
exoskeletons by focusing on the conception phase of the product development process. The selection of a
suitable basic methodology, which should be adapted to the specific exoskeleton design process, must
consider that industrial exoskeletons often rely on mechanical elements such as springs and dampers
(“passive™) instead of mechatronic actuators (“active”) due to the lower weight and thus improved
ergonomics. Consequently, as a generic methodology VDI 2221 and its accompanying guideline
VDI 2222 is chosen (VDI, 1997). VDI 2221 functions as a core guideline for product development that
can be applied to all types of technical products and systems and its design processes. It is especially
useful and applicable for mechanical products. Alternatives like VDI 2206 and the Munich Procedural
Model are not suitable because a more linear approach is preferred to counteract the difficulty of many
disciplines involved in the novel design process of (passive) exoskeletons as well as to ensure easy
transferability of the approach to the characteristics of exoskeletons (DI, 2004; Ponn and Lindemann,
2011). Referring to the problem statement, the following questions arise:
e How can VDI 2221 be adapted to clarify the development process of exoskeletons?
o  Which specifying steps and tools must be implemented in VDI 2221 (Activities 1 - 3) to develop
more mature initial exoskeleton designs? (VDI, 2019)
VDI 2221 and VDI 2222 clarify the necessary steps that designers must follow when developing an
exoskeleton, but both guidelines only rudimentary give instructions on how to execute these steps.
This must be addressed. It is also desirable that the number of prototype design iterations is reduced
through an improved initial design. The specificity of the various working activities must also be
considered. Following these considerations, Table 2 shows the derived methodological requirements.

Table 2. Methodological requirements

The transition between analysing the use case, analysing body movements in working conditions,
derived requirements, functions, and the initial design draft must be improved and structured

2 | Steps and tools that are adapted to the concept development of exoskeletons must be clarified

3 | The degree of maturity in early development phases must be increased

4 | The transferability between different use cases must be ensured.

4 METHODOLOGICAL APPROACH OF DEVELOPING EXOSKELETONS

Figure 2 describes a systematic approach with specific steps in developing initial exoskeleton solutions
based on the general structure of activities 1 - 3 of VDI 2221. Specifying the first phase of VDI 2221,
which clarifies the problem or task, the proposed subtasks focus on analysing the users’ needs and
movements during their task fulfilment and the identification of task-specific requirements. The analysis
of the workers’ movements can be done in separate ways. Motion capture refers to the process of
recording the movements of people. It is used to describe movement trajectories that are essential for the
determination of specific design parameters, e.g. joint movements (Chen et al., 2017) and requirements
regarding the biomechanical structure of the exoskeleton (Folgheraiter et al., 2009; Allotta et al., 2015).
The motions also must be described linguistically. A detailed linguistic description preferably results
from capturing the motions with assisting devices. If this is not possible due to e.g. the ambient
conditions at the workplace, a stand-alone description must be provided. The user-focused analysis
emphasises the need to adapt the exoskeleton to the needs of the workers and proactively addresses user
perception and usability of the device. The result of activity one is a list of requirements.

The first step of the second activity is the identification of basic motions that are performed within the
specific task. As a general distinction, the motion of each human body part or joint can be represented
by identifying its rotational and translational movements in three dimensions X, y, and z. The degrees
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of freedom of the human skeletal system limit the human body’s movements and the solution space for
potential exoskeleton designs. This allows to generate a database set of basic motions, from which the
relevant ones are picked and assist the determination of essential task-specific functions.
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Figure 2. Approach in developing initial design solutions of exoskeletons adapted from
VDI 2221 (VDI, 2019)
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Figure 3. ExoMotion matrix

The elaboration of the functions will be done by matching the single movements and the corresponding
basic motions. Figure 3 describes this connection in the ExoMotion matrix. Besides the movement of
human joints and limbs the flow of energy within the movements need to be addressed as well, as it was
partially done by (Cruz Martinez and Z.-Avilés, 2020). Koller and Kastrup (1998) provide a suitable and
in other fields applied list of elementary energy operators when dealing with flows of energy and
function structures. These can be used within the ExoMotion matrix. Based on VDI 2222 these steps can
be applied to overall and partial functions. Task-specific function models are the result of activity two.

In the third activity of VDI 2221, solution principles and their structures are sought by combining the
functional structure and requirements into an initial exoskeleton prototype design (basic solution). As
guidance for the designer, previous exoskeleton solutions are saved in a database and made available
from it. The database should contain solutions in different forms of representation. It is important to
not only have holistic exoskeleton solutions at hand, but also use detailed designs or even just design
principles and physical effects as these are found in construction catalogues. This activity allows the
combination of identified solutions, which might be reduced to their effective structures, with the
functions that realise them. Moreover, new solution concepts are developed through new combinations
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of known function-embodiment mapping. The result are basic exoskeleton solutions, which represent
the initial design drafts that are more mature than previous design concepts.

5 DISCUSSION

In the approach presented, the first three VDI 2221 activities are specified for the development process
of exoskeletons. A structured development method will guide engineers as well as other parties
through the holistic development process, providing them a useful step-by-step approach.

Two key factors in generating a list of requirements were identified. On the one hand designers must
focus on the workers’ motions for a task-specific design and on the other hand they must focus on the
workers’ needs for personalising the exoskeleton. The former can be achieved by motion capture devices
that are widely used in different industries. In recent exoskeleton developments optical motion capture
using camera systems and markers on the workers’ body is an utilised method (Huysamen et al., 2020;
Hansen et al., 2018). A helpful tool for the latter is the design of personas to better understands the users’
needs (Nielsen, 2013). Figure 4 shows a persona for a waste collector, whose profession is physically
demanding. However, personas represent only one possible way of analysing the workers’ need. Further
subjective and objective methods, such as structured interviews, questionnaires, statistical key figures, or
measurement and evaluation of the physical work environment must be discussed and examined for their
effectiveness in generating a specific list of requirements. DIN EN 16710-2 proposes further methods
that are applicable in this context (DIN Deutsches Institut flir Normung e. V., 2016). Consequently, a
whole set of tools will be available for the designer.

Responsibilities Performance benchmarks Tools required for work
+Bob
«Taking out and emptying +Collecting the largest amount Protective clothing
Age waste garbage cans of waste within the shortest «Cleaning equipment
+(Bulky) waste disposal amount of time
*27 years
—[ Highest school leaving ceniﬁcate]- Goals Biggest challenges Tools desired for work
Adevels/Abitur -Disposal of waste without «Handling heavy loads during -Body reinforcement
putting extreme stress on the work equipment
"['"dus"y } body +Lifting, pulling and pushing «Tools that faciltate the lifting
«Waste Management *Reduction of body aches after waste containers and fetching of containers
work «Carrying containers out of *Muscle support tools
—[Task } *Reduction of physical stress the cellar +Required to be easy to put
*Handling large parts when on and take off as well as to
«Waste Collector disposing of bulky waste do not limit body movements

Figure 4. Persona of a waste collector
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Figure 5. ExoMotion matrix and derived function structure for doing overhead work

For the description of basic motions, the most elementary way is chosen by using three-dimensional
rotational and translational movements. These are supplemented by elementary energy functions. As
shown in the ExoMotion matrix in Figure 5, by applying this concept to the general task of doing
overhead work it allows to build up the connection between movements and functions. The motion
description in the first column can be supplemented with identified movements from activity one and,
thus, provides a guideline to elaborate a task-specific function structure. The proposed usage of basic
motion- and embodiment-databases will improve the foundation for future exoskeleton developments.
As the solutions are stored in different forms of representation it will allow a holistic and a fractal view
on previous design solutions. This step is the most difficult within the holistic development process as it
transfers design ideas from a descriptive function-focused point of view into a (virtual) prototype design
concept.
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Referring to the methodological requirements established in Table 2, by specifying the activities in the
presented way developers have a guideline at hand that improves the transition between analysing the
use case and creating the initial design. It becomes apparent, which steps are necessary and crucial for
developing a task-specific and personalised initial exoskeleton design. Nevertheless, this conference
paper presents an outline of a holistic development approach and, thus, the foundation for future
research activities in this field. Steps and corresponding tools/methods are proposed and applied but
must still be validated regarding its effectiveness. The right set of tools as a combination of various
methods to derivate requirements, motions, function, embodiment, and their correlations must be
identified. It can be said that after their identification and analysis the presented approach will have
clarified the specific development process of exoskeletons.

If applied, the methodology has the potential of increasing the degree of maturity in early development
phases. It gives precise instructions for actions that are adapted to the individual use case and their
effectiveness builds upon specific databases. However, the concept must still be validated and applied
to an exoskeleton development to measure and compare the degree of maturity to the default design
process of exoskeletons.

By concentrating on basis motions and elementary functions the transferability of the methodology to
various use cases is given. To sum up, it can be said that the requirements introduced in Table 2 are
met. Nevertheless, there is still various research to conduct to finalise the evaluation of the presented
method, as will be pointed out below.

6 CONCLUSION AND OUTLOOK

Exoskeletons have the potential to play a key role in enabling (elderly) industrial workers to execute
physically demanding jobs. The necessity of a systematic development process of exoskeletons was
demonstrated and an approach was presented to improve the initial product design. The proposed
methodology provides a useful step-by-step instruction based on the guideline VDI 2221. It shows the
relationship between analysing the use case, deriving requirements, task-specific functions, and design
solutions. Nevertheless, the concept presented is theoretical in nature and needs further research in
several areas. Within the plan of action for employing and validating the methodology, specific user-
focused methods that are useful in the evaluation of workers’ needs must be identified. A further
research focus is the application of the basic movement and the development of its database by analysing
which joints and body parts need to be addressed. Previous exoskeleton developments must be analysed
to determine their commonalities and differences, and their principal solutions. This data will be
implemented into databases that provide useful insights for new developments. Furthermore, a way to
match necessary functions and principal solutions effectively needs to be evaluated. Once all mentioned
information is collected and the databases are set up, an exoskeleton for the test case of a waste collector
will be designed as a proof of concept. For this, the physical realisation at a company is planned.

To conclude, the general potential of the deployment of (industrial) exoskeletons is undoubtedly great -
though it needs to be released effectively and target-oriented with the right measures, tools, and methods.
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