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Abstract

Research on how to support product and production design processes by computer-aided tools of ergonomics is
one of the scientific focal points within the interdisciplinary field of ergonomics. Digital human models are an
important aspect within this research context. Assuring a widespread use of these and other tools gives great
potential for increasing product usability and designing safe, healthy and competitive work systems: The identi-
fication and redesign processes for dangerous or unhealthy product design and work system parameters can be
moved into early product and production process design phases. In order to analyze specific future technological
and organizational trends, an expert- and web-based, three-round Delphi survey on "Digital Ergonomics" was
carried out from November 2011 until May 2012. A panel of 60 German experts was asked to answer nine lead
questions in a first round. 26 statements were then built resulting from a qualitative data analysis of the received
886 answers. Each statement was evaluated according to its impact as well as its most probable date of occur-
rence in the second round. In the last round, the results of the second run were presented to the experts according
to the Delphi technique and they were asked to assess the statements once again. During the whole Delphi survey
the response rate was about 55%. Based on the results a ranking was built and the trends were sorted into seven
categories according to their importance and most probable date of occurrence. Furthermore, named advantages,
disadvantages and requirements of small and medium sized enterprises on digital human modeling were as-
sessed. The results of the Delphi survey give an expert-based roadmap on trends in digital human modeling until
2025, which are presented in detail in this paper.
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1. Introduction

Ergonomically designed socio-technical work
systems and working equipment ensure safe,
healthy and competitive work processes. Within
this design context, computer-aided tools of ergo-
nomics can significantly contribute: By virtually
assessing the ergonomic fit of different design
alternatives in an early product or process develop-
ment stage, the amount of design errors causing
unhealthy working conditions can be reduced
significantly. Therefore, the quality of the planning
results increases. It is of great interest to have
detailed knowledge on upcoming trends within this
domain of ergonomics.

2. Computer-aided tools of ergonomics

Computer-aided tools for human-centered product
and process design are all based on knowledge and
findings of the scientific discipline of ergonomics.
A worldwide-accepted definition in this context is
given by the International Ergonomics Association
(IEA 2013):

“Ergonomics (or human factors) is
the scientific discipline concerned
with the understanding of the interac-
tions among humans and other ele-
ments of a system, and the profession
that applies theoretical principles,
data and methods to design in order
to optimize human well being and
overall system performance.”

The definition of “Digital Ergonomics” worked out
for this survey is based on the definitions of digital
manufacturing (Zülch 2012), virtual production as
well as ergonomics (ISO 6385; IEA 2013):

Digital ergonomics is a generic term
enveloping computer-aided models
and methods supporting the planning,
the realization and the continuous
improvement of products as well as
social-technical work systems. The
human being is considered as the
main factor and integral part within
this design perspective.
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As a result, one main field of interest within this
domain is digital human modeling (DHM) and
according software systems as they fully comply
with the given definition and therefore, support the
virtual human-centered product and process design.
DHM systems can be defined as

software systems that model features
and abilities of the human organism
or its elements and provide them for
further simulation. By using these
systems, simulation results within dif-
ferent scientific contexts such as er-
gonomics, cognition, medicine, bio-
metrics and others can be generated”
(Mühlstedt 2012, p. 26).

A widespread use of these systems and other
computer-aided tools of ergonomics form great
potential for increasing usability of work equipment
and designing safe, healthy and competitive work
systems.
Therefore, the concept of “Digital Ergonomics”
contributes significantly to preventive occupational
safety and health due to its ability to identify
hazardous work equipment or work processes
already during the planning process. An example is
the virtual 3D-evaluation of human-machine-
interfaces with DHM systems.
Mühlstedt and Spanner-Ulmer (2009) presented
survey results, giving a ranking of DHM system
analysis features used amongst German ergono-
mists and furthermore, documented their interests
for feature enhancements. The top three out of nine
analysis features currently used are

 static visualization,
 analysis of reach and
 analysis of sight.

The top three out of nine analysis features unifying
most interest in enhancements are

 analysis of posture,
 analysis of forces and moments and
 time studies.

Since specific manipulation functions are necessary
for a context-sensitive utilization of analysis func-
tions, the currently used features and their need of
further development were analyzed as well
(Mühlstedt and Spanner-Ulmer 2009). The top
three out of nine manipulation features currently
used are:

 manipulation of body posture,
 manipulation of hand posture and
 animation of the digital human model.

The top three out of nine manipulation features
unifying most interest in enhancements are

 animation of the digital human model,
 manipulation of body posture,
 manipulation of hand posture.

The Delphi survey and its outcomes presented in
this paper complement these mainly feature ori-

ented results with upcoming DHM system applica-
tion scenarios and resulting requirements for
computer-aided tools of ergonomics. Within this
context, the scope of application can be distin-
guished in general into two categories: product and
manufacturing engineering according to the com-
pany divisions they are used in. Nevertheless, there
are usually the same tools in place (e. g. DHM
systems), only the used features differ. In product
engineering, the application of computer-aided
tools of ergonomics such as human simulation is
mainly about the analysis of anticipated use and
resulting man-machine-interactions. Within manu-
facturing engineering the design of the necessary
work processes to produce the designed product are
in focus. As a result, the experts were asked within
the Delphi survey to distinguish their answers
between product and manufacturing engineering if
considered essential.

3. Delphi technique

The aim of the study “Digital Ergonomics 2025”
was to identify upcoming technological as well as
organizational trends in the domain of computer-
aided tool of ergonomics and their importance. To
achieve this goal, the Delphi technique, as basis for
the survey design, was chosen. It is a commonly
used approach within the scientific field of future
research and technology foresight (Linstone and
Turoff 1975).
The Delphi method was developed in the middle of
the 20th century aiming at creating forecasts with
maximal reliability. The goal of this approach is to
generate and evaluate knowledge by an anonymous,
group-communication based interaction of experts.
The main goal is the reduction of uncertainty within
the final prediction. To achieve this aim, a multi-
round survey needs to be designed: in advance to
each follow-up round the grouped intermediate
results of the preliminary round are displayed as
feedback to the experts. By doing so, each expert
will evaluate under the influence of the previous
judgments of the other experts (Dalkey and Helmer
1963; Häder 2009). It has been shown that usually
after the second round the results change only to a
small extent (Pandza 2008; Cuhls 2009). By assur-
ing anonymity normative influences among the
expert group are avoided (Cuhls 1998). An up-to-
date approach to ensure survey efficiency and
anonymity at the same time is a web-based survey.
Within the Delphi method four types can be distin-
guished (Häder 2009):

 Aggregation of ideas – qualitative aspects
only (I);

 Aggregation and evaluation of ideas – high
proportion of qualitative aspects, low pro-
portion of quantitative aspects (II);

 Aggregation and evaluation of ideas – high
proportion of qualitative and quantitative
aspects (III);
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 Evaluation of ideas – mostly quantitative
aspects (IV);

The Delphi survey “Digital Ergonomics 2025” can
be classified as type III because it had the objective
to collect and evaluate ideas for the future devel-
opment of computer-aided tools of ergonomics. To
reach this goal the steps shown in figure 1 were
followed sequentially. The survey was implemented
with three web-based questionnaires assisting the
collection of qualitative (ideas) and quantitative
(evaluation) data.

Figure 1: Delphi survey design procedure

Further information on the design of Delphi surveys
and underlying scientific principles as well as a
distinction from other approaches for technology
forecasting can be found in Häder (2009) and
Linstone and Turoff (1975).

4. Survey design

The Delphi survey was set up as a three-round web-
based expert interview: at first, the experts had to
answer (free text) nine lead questions. Based on
these results, 26 statements referring to upcoming
trends in “Digital Ergonomics” were abstracted. In
the second round, the experts were asked to evalu-
ate these statements according to their importance
and most probable time of occurrence. Furthermore,
they were asked to estimate the German competi-
tiveness in “Digital Ergonomics” by 2025. The
intermediate results were visualized and presented
to the experts as feedback in the last third round as
background knowledge when asked to assess the
statements once again.
For each survey round a four week period time was
chosen for the web-based data collection. When
selecting the exact dates school holidays and
intermediate data analyses periods were taken into

account. The three survey rounds took place during
the following periods:

 1st survey round
(Nov. 22, 2011 to Dec. 18, 2011)

 2nd survey round
(Feb. 20, 2012 to Mar. 18, 2012

 3rd survey round
(Apr. 16, 2012 to May 13, 2012)

Upon request, the experts had the chance to submit
their answers offline assisted by an electronic
document. In some cases answers were submitted
outside but close to the survey round periods. In
these cases, the submitted answers were considered
in the analysis.

4.1. Putting together the expert panel

The starting point of the compilation of the Ger-
man-speaking expert panel was a structured internet
search. Furthermore, relevant experts were nomi-
nated by a project advisory group. The experts who
agreed to participate were asked to nominate further
individuals with high expertise. Following this
approach a heterogeneous panel was put together
with experts from scientific, industrial (software
users as well as developers/vendors) and other
institutions (see table 1). This ensured a wide
consideration of opinions and interests.

Table 1: Composition of the expert panel

#
Scientific community 18
Software users 24
Software vendors 12
Other institutions 6

4.2. Design of the 1st survey round questionnaire

At the beginning of each questionnaire, the experts
were asked to give a short standardized self charac-
terization (optional):

 affiliation,
 size of enterprise,
 self-assessment of expertise and
 professional experience.

The questionnaire consisted of nine lead questions
with a political, economic, social or technical
background. For each question up to five answers
could be given (optional). The experts were asked
to answer as generally as possible but at the same
time as concretely as necessary. They were asked to
distinguish their answers into small and medium
enterprise (SME) respectively large scale enter-
prises (LSE) related issues (questions 4 to 8) and
product or manufacturing engineering issues
(questions 2 to 6 and 8) if necessary. The following
questions were asked:

 Which social, economic and political in-
fluences do you expect to impose require-
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ments relating to computer-aided tools of
ergonomics?

 How will computer-aided tools of ergo-
nomics evolve regarding their features and
their analytical capacities?

 Which new technological developments do
you expect regarding the use of and inter-
action with computer-aided tools of ergo-
nomics?

 What are, from your point of view, the ma-
jor advantages of computer-aided tools of
ergonomics?

 What are the key barriers and deficits
when using current computer-aided tools
of ergonomics?

 Which company-related organizational
changes concerning the product and manu-
facturing engineering do you expect to be
caused by an increased use of computer-
aided tools of ergonomics?

 What steps need to be taken to achieve a
wide distribution of computer-aided tools
of ergonomics to enhance ergonomic work
system design until 2025?

 How do you rate the current situation re-
garding usage as well as research and de-
velopment of computer-aided tools of er-
gonomics in Germany compared to other
countries?

 Do you have any further remarks?

4.3. Design of the 2nd survey round questionnaire

Further to the optional self characterization part
known from the 1st questionnaire, the experts were
asked to evaluate 26 statements regarding their
importance and their most probable date of occur-
rence. The statements were composed from the 886
1st round survey answers. The assessment of rele-
vance was to be made on a seven-stepped scale
shown in figure 2.

Figure 2: Evaluation scale for a statements importance

The assessment of the most probable date of occur-
rence had to be made according to the following
scale:

 before 2015,
 between 2015 and 2020,
 between 2020 and 2025,
 post 2025,
 unlikely to happen.

The complete list of all 26 theses which have been
generated based on the intermediate results of the
first survey round and which were assessed by the

experts in this second and the third survey round is
presented in the results section.
Finally, the experts were asked to complete follow-
ing statement about the competitiveness of Ger-
many in “Digital Ergonomics”: Germany is going
to extent, keep or lose its co-leading role in the
development and/ or usage of computer-aided tools
of ergonomics compared to other nations by 2025
and beyond.
The evaluation of a statement regarding importance
and most probable date of occurrence was required
to get to the next statement and finally finish up the
questionnaire.

4.4. Design of the 3rd survey round questionnaire

Further to the optional self characterization part
known from the 1st and 2nd questionnaire, the
experts were asked to evaluate the 26 statements
regarding their importance and their most probable
date of occurrence as well as the competitiveness
question once again. The experts were given a
results visualization of the second survey round
outcome for each statement as feedback to support
their reassessment (figure 3) as required by the
Delphi technique.

Figure 3: Results visualization given at the 3rd survey
round questionnaire

As the last point, the experts were asked another
question with the possibility of giving up to five
answers (free text): Do you have any comments or
recommendations regarding the future, distribution
use as well as development of computer-aided tools
of ergonomics especially for small and medium
sized companies?

4.5. Technical implementation of the survey

The Delphi survey was implemented by means of
the web-based survey platform “www.soscisur-
vey.de”. The platform was selected due to the
following features it provides:

 various question types,
 integration of images,
 access control allowing multi-round sur-

veys with closed panels,
 free questionnaire layout design,
 free programming of filters,
 data exports to common spreadsheet appli-

cations or statistics software,
 SSL encrypted data transfer.
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The data analysis was done based on the exported
results from the survey portal using a spreadsheet
application.

4.6. Intermediate 1st survey round results

35 partly complete data sets were analyzed after the
first round. 886 answers could be taken into ac-
count for formulating upcoming trends in “Digital
Ergonomics”. Figure 4 shows the distribution of
total as well as average answers per expert for each
lead question.
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Figure 4: Total and average answers per expert (n=866)

The figure illustrates a nearly even distribution of
answers to questions one to eight and an obvious
lower number of responds to question nine. This
last question asked the expert to give further com-
ments if required. The results lead to the conclusion
that the first eight lead questions adequately cov-
ered the research context. It can be assumed that the
experts’ answers provided an extensive view on
future trends in “Digital Ergonomics”.

4.7. Intermediate 2nd survey round results

32 complete data sets were analyzed after the 2nd

survey round. The answers were then visualized as
shown in figure 3 as input for the 3rd survey round.
Since these outcomes solely describe intermediate
results, they are not presented in this paper. A full
list and a direct comparison of the 2nd and 3rd survey
round results are documented in the full German
survey report (Wischniewski 2013a).

5. Final survey results

The following section includes an expert’s partici-
pation behavior and the results consisting of lists
with advantages and challenges, upcoming trends
as well as specific SME requirements in the context
of “Digital Ergonomics”.

5.1. Participation overview of the expert panel

In total 44 out of 60 asked experts participated in
the Delphi survey. 40 provided personal data.
Figure 5 shows the types of affiliation and the
amount of associated experts.

Figure 5: Affiliation types and associated experts (n=40)

A closer look at the participants list reveals on the
one hand that software users, software developers /
vendors and scientists took part in the Delphi
survey. On the other hand, it attracts attention that
software users are mostly affiliated to large scaled
enterprises, while software developers are mostly
affiliated to small and medium sized enterprises.
In addition to the affiliation statistics, figure 6
illustrates the expertise self-assessment, provided
by the expert panel: 1 equals low expertise, 7 high.
The box plot shows the median, the medial 50
percentile (bounded by upper and lower quartile)
plus the extreme values of the given answers.

Figure 6: Self-assessment of expertise (n=40)

It is evident that the expert panel put together can
rely on substantial knowledge in the field of “Digi-
tal Ergonomics”. This is supported by professional
experience in digital human modeling of the experts
shown in figure 7.
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Figure 7: Professional experience in DHM (n=40)

In addition to the descriptive statistics of the expert
panel, table 2 illustrates the specific participation of
the experts in each round.

Table 2: Round-specific participation of the 44 experts

#
all survey rounds 23
1st and 2nd survey round 2
1st and 3rd survey round 3
2nd and 3rd survey round 5
1st survey round only 7
2nd survey round only 2
3rd survey round only 2

5.2. Advantages of Digital Ergonomics

In the fourth lead question of the first survey round,
the experts were asked to name advantages of
current computer-aided tools of ergonomics. The
results are based on 115 answers given. The listing
is in descending order regarding quantity of identi-
cal expert indications. The use of computer-aided
tools of ergonomics

 shortens development times (e. g. by re-
ducing the number of hardware proto-
types),

 enhances transparency along the product
or manufacturing engineering process,

 provides ergonomic key performance indi-
cators in an early design stage (e. g.
through human simulation),

 allows an economical evaluation of differ-
ent design alternatives,

 saves costs and
 improves visualization in the planning

process.
Some isolated answers mentioned: the increase of
subject safety by elimination of safety critical lab
studies, the database capability of DHM systems
and the linked easy generation of virtual surrogates
of a target population.

5.3. Current challenges of Digital Ergonomics

In the fifth lead question of the first survey round,
the experts were asked to name challenges or
deficits of current computer-aided tools of ergo-
nomics. The results are based on 118 answers
given. The listing is in descending order regarding
quantity of identical expert indications. Challenges
and deficits using computer-aided tools of ergo-
nomics result from

 high software complexity,
 in some cases unknown validity,
 a lack of standards for models and file

formats,
 high investment costs,
 high efforts to build up virtual simulations

and
 high operating costs.

Some isolated answers mentioned: challenges to
integrate these tools into the company’s existing
software environment and lack of acceptance of
computer-aided tools of ergonomics.

5.4. Upcoming trends in Digital Ergonomics

The 26 statements which describe upcoming trends
in “Digital Ergonomics” are listed in seven catego-
ries according to their expert-evaluated importance
and most probable date of occurrence.
A trend is classified important if the median expert-
score from the 3rd survey round is greater than 4
(seven-stepped scale; see figure 2). Trends with a
score of 4 are called “fuzzy” and everything below
4 is labeled as “not important”. Accordingly, the
median score of the last survey round is taken to
identify the most probable date of occurrence. For
this final analysis 31 complete and 2 partial data
sets were considered.
The sequence of statements within each category is
equivalent to the numeration in the questionnaire
and provides no importance of ranking among
them.

Important and state-of-the-art before 2015:
 Frequent exchange at national and interna-

tional conferences and events fosters the
transition of research results into practice.

Important and state-of-the-art between 2015 and
2020:

 Tools provide sufficient mapping of an-
thropometric and biomechanical variance
(addressing the demographic change).

 Virtual ergonomic product and process
validation is an important competitive as-
set.

 Generally accepted concepts for validation
allow an accuracy classification of virtual
ergonomic simulations.
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 Software usability has increased signifi-
cantly and supports software use (“ergo-
nomic screenings”) for novices.

 Motion capturing is a key element of ergo-
nomic tools.

 Augmented and / or virtual reality is a key
element of computer-aided tools of ergo-
nomic.

 Accepted cost benefit analyses allow rea-
sonable ROI calculations.

 Academic institutions provide relevant
teaching. Trained experts are available and
meet demands.

 By providing specific features in form of
modules / apps companies can choose
computer-aided tools of ergonomics ac-
cording to their needs and budget.

Important and state-of-the-art 2020 and 2025
 Computer-aided tool of ergonomics can

simulate cognitive processes in virtual and
complex socio-technical work systems.

 Virtual ergonomic simulations have almost
replaced real product and process evalua-
tions.

 Products and processes are virtually de-
signed and evaluated for different regions
of the world supported by computer-aided
tools of ergonomics.

 Standardized data formats enable a transfer
of models and simulation results between
different tools.

 The integration of virtual biomechanical
models allows detailed and valid analyses
of physical stress exceeding today’s ergo-
nomics screenings.

 Motion simulations are based on task in-
stead of end point and / or trajectory defi-
nition; ergonomic assessments are done
automatically.

 Visualization quality almost matches real-
ity.

 Companies have standard organizational
procedures to ensure ergonomic quality in
product and process design that are used
frequently.

 International standards for DHM are avail-
able and foster worldwide DHM system
acceptance.

Fuzzy and state-of-the-art between 2020 and 2025:
 The software interfaces are multimodal

(e. g. gesture recognition or data gloves).
 Many computer-aided tools of ergonomics

can be used on mobile devices and are
supported by cloud computing.

Important and state-of-the-art post 2025:
 Holistic tools allow the cognitive, anthro-

pometric, biomechanical evaluation of
products and work processes.

Important but probably never going to happen:
 Ergonomic issues are as important as

costs, quality and time.
 Ergonomics is highly prioritized in com-

panies and required resources (budget and
personnel) are provided.

Not important and probably never going to happen:
 Laws and regulations are in place which

require virtual ergonomic evaluations for
safety reasons.

 Virtual ergonomic assessments get out-
sourced and are provided by service pro-
viders.

5.5. Requirement to increase spread among SMEs

Next to statement evaluation, the expert panel was
asked to name specific requirements necessary to
increase acceptance and usage of computer-aided
tools of ergonomics among small and medium sized
companies. 25 answers were analyzed. They were
quite heterogeneous and often repeated named
challenges from the first survey round. Therefore,
the following list of answers represents mostly
individual opinions:

 Improvement of software usability,
 Modularization / development of simple

models to raise acceptance and usage,
 Reduction of investment and operational

costs,
 Increase of know-how-transfer from LSE

and research institutes to SMEs.

6. Conclusion

The presented results of the Delphi survey illustrate
a roadmap with short-, middle- and long-term
trends in “Digital Ergonomics”.
In the web-based Delphi survey there were first 886
answers (free text) collected using nine lead ques-
tions regarding upcoming trends for computer-
aided tools of ergonomics. Based on these answers
26 statements were abstracted and given to the
experts in two additional survey rounds to evaluate
importance and most probable date of occurrence.
Furthermore, future competitiveness of Germany in
the context of “Digital Ergonomics” was assessed
and ideas to foster usage and distribution of com-
puter-aided tools of ergonomics amongst SME were
collected.
The statements were classified into seven categories
according to their importance and the most probable
date of occurrence. Most statements were evaluated
“important” and “supposed to become reality”
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between 2015 and 2020 (nine statements) or 2020
and 2025 (nine statements).
In addition to these two main lines the national and
international networking (e. g. at conference events)
was evaluated important and already happening.
The development of holistic DHM systems as well
as the alignment of importance of ergonomics with
today’s key performance indicators (quality, cost
and time) were rated “important” but visionary.
Nevertheless, the experts estimate a continuous co-
leading role of Germany in the context of “Digital
Ergonomics”.
The available few answers regarding the specific
needs of SMEs can be summarized as follows:

 increase of software usability,
 modularization for a better matching of

demand and budget,
 a better knowledge transfer from experi-

enced LSE or scientific institutions to
SMEs.

The current activities at the German Federal Insti-
tute for Occupational Safety and Health, which are
an outcome of this survey, are for example the
support of file and model standards development
(Paul and Wischniewski 2012), the hosting of topic
related events (BAuA 2013) as well as the analysis
of anthropometric and biomechanical data sets
(Wischniewski 2013b). The underlying objective of
these initiatives is promoting the preventive design
of safe, healthy and competitive labor.
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