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Abstract

The requirements on validity for studies in design research are very high. Therefore, this paper aims
at identifying challenges that occur when setting up studies and suggests solution strategies to
address them. Three different institutes combining their experience discussed several studies in a
workshop. Resulting main challenges are to find a suitable task, to operationalise the variables and
to deal with a high analysis effort per participant. Automation in data evaluation and a detailed
practical guideline on studies in design research are considered necessary.
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1. Introduction

Empirical studies form an important foundation stone in design research. On the one hand, the procedures
of designers are examined descriptively. For example, the influence of experience with students and
experienced designers is investigated. On the other hand, prescriptive methods are evaluated. The
development and validation of design methods is a particularly important process. This validation should
ensure - among others - that the methods have the desired effect in industry. However, many methods are
not used in industry (Daalhuizen and Badke-Schaub, 2011). There are various reasons for an inconsistent
use of methods in industrial context, although their use can provide benefits (Eilmus et al., 2012). Besides
the missing link (Wallace, 2011) between academia and industry for an efficient transfer of methods, the
reasons for the lack of use of many methods can often be traced back to a lack of method validation. Some
methods are not put into practice, because they are described poorly (Birkhofer et al., 2002). Also, a low
level of usability of the methods is cited as a reason (Jansch, 2007). These deficits of design methods can
be recognized and considered in empirical studies. The evaluation and validation of design methods in
empirical studies would thus form a major contribution to the dissemination of design methods.

However, there are currently multiple aspects in the implementation of empirical studies in design
research, which are not sufficiently considered. Dinar et al. (2015) have conducted a review of empirical
studies in design and have identified various shortcomings in current studies. Current studies use mainly
students as participants while working on constructed design problems. This raises the problem of a
valid environment as students are not engineers yet and constructed tasks are only able to represent real
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engineering design problems partially. In most of the studies, a small number of participants are used
(Dinar et al., 2015), what obstructs the acquisition of the necessary amount of data to make statistical
analysis possible. Additionally, the data is often analysed manually and without a standardised
framework. Most researchers use ad hoc categories, which are chosen by the research group. This makes
a comparison of gained results very difficult (Dinar et al., 2015). Moreover, the fragmentation of the
research community and a lack of a common research methodology are also cited as reasons why the
research community does not achieve its full potential (Wallace, 2011).

There is currently a lack of suitable support for conducting valid empirical studies. There are
overarching approaches for this, such as “Design Research Methodology” (DRM) according to
Blessing and Chakrabarti (2009), which support the planning of design method development and
validation. However, there is a lack of specific support for method researchers in the evaluation and
validation of newly developed design methods (Marxen and Albers, 2012). The lack of clarity as to
which methods and evidence are necessary for carrying out a successful validation continues to be a
research gap in DRM (Gericke et al., 2017). The wide-ranging and rather holistic requirements for a
study regarding objectivity (Cash et al., 2016), reliability and validity (Ruckpaul et al., 2014) as well
as the systematic structure of the studies (Dinar et al., 2015) are often described. However, since the
studies are primarily conducted by inexperienced researchers (Wallace, 2011), they lack experience in
design practice and therefore are not fully able to implement real design problems in method
validation. Although there are isolated approaches to support design researchers in setting up studies
(e.g. the approach of Patel et al. (2019) on evaluating design prompts), they tend to focus on individual
aspects of a study and are not widespread.

In the state of research, the requirements regarding objectivity, reliability and validity are clearly
described. There are also approaches that provide support at a high level in the study design and
implementation. Nevertheless, challenges and uncertainties frequently arise in the practical imple-
mentation of empirical studies in design research.

This contribution aims to draw attention to the challenges in empirical engineering design research
and to describe first solution approaches based on an exchange of different researchers. This should
create a certain awareness amongst young method developers with regards to valid design method
validation and provide them with some inspiration on what to consider when setting up empirical
research studies. We therefore conclude on the following research questions:

Q1: What are current challenges in empirical engineering design research?
Q2: What are possible approaches to address those challenges?

2. Workshop-based approach to identify challenges and best
practices

In order to collect challenges and possible solution approaches in empirical engineering design
research, a workshop was conducted. The workshop’s aims, participants and structure are described in
this section. The reason why a workshop was chosen can be traced to following rationale

i) allow for mutual inspiration and reveal synergies in between the workshop participants,
ii) being able to point out ambiguity in descriptions and aims and refine them on the spot,
iii) efficiency of communication and ideation.

2.1. Workshop aims

The main aim of the workshop was to share the individually accumulated knowledge as well as
experience of the three institutions, find synergies and thus initialize a co-operational exchange of
experience in empirical research in the field of engineering design. As described above, empirical studies
are used in design research to investigate descriptive design approaches and to evaluate prescriptive
design methods. The workshop focused on the evaluation and validation of design methods. However,
the findings can also be applied to purely descriptive studies. The workshop participants exchanged
examples of successful studies, failures as well as issues to consider both ways. Especially from these
failures, participants wanted to learn and improve their own research. The presented studies were then
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used as basis to derive challenges as well as examples of best practices when conducting studies in
empirical design research. Building up a common understanding of the topic should furthermore help to
build up a continuous exchange of ideas and study designs.

2.2. Team composition

Six researchers from three different institutes participated in the workshop. The expertise of these
researchers ranges from conducting experimental studies with student participants to studies with
experienced designers in an industrial context. Their experience covers different types of studies from
single case studies over interview studies to experiments, which implies descriptive as well as
prescriptive designs. The researchers can demonstrate experience in experiments, case studies, surveys
and interviews. The focus of research spans the development, evaluation and validation of different
design methods. Various data collection methods, such as observation, protocol analysis, eye tracking
and surveys among others have been used by the workshop’s participants. Combined, the workshop
participants observed about 220 participants in eye tracking studies, about 275 in experimental studies,
about 530 participants in studies using classical methods — like survey, focus group and observation —
and over 50 participants in workshop environments.

2.3. Workshop procedure

The workshop took place in one of the participating institutes. After a round of introductions comprising
the researchers and their corresponding expertise, the three institutes presented the studies they had
carried out. The potential of sharing different study experiences and finding synergies together is also
accompanied by certain challenges, such as making the studies comparable in various elements. Thus, a
more standardized procedure to talk about the most important facts in these extensive studies has turned
out to be necessary. In order to better compare the studies, the group decided to work with a published
concept map on design method experiments, which was presented to the Design Society for feedback on
the 30th Design for X Symposium 2019 (Ureten et al., 2019). Another way of dealing with the
comparability of studies would have been a redefined structure of the presentations.

The concept map can be found in Figure 1. It is a visual depiction of the most important elements, which
need to be considered when validating a design method through an experiment with participants. It mainly
targets design researchers with little or no experience in conducting experiments with methods of empirical
research in social sciences. The focus question addressed is “Which elements should be considered in an
experimental study design to test design methods?”. The elements are grouped in clusters and are
connected to each other. For example, the experiment design is directly connected to data collection (see
Figure 1), as data collection is a crucial part to think of when setting up an experiment design.

One cluster refers to the focus of the design method investigation and includes all elements specific
to testing design methods in an experiment, such as validating single elements of a new method or
validating an existing method in its full completeness (see Figure 1). This was used to discuss the
presented studies’ goals during the workshop. Another cluster refers to the basics of experimental
design, which enabled the group to address the depicted different dimensions (like task, location,
conditions and participants) in the discussion.

To derive solution approaches, it was necessary to define quality criteria and in which way those
criteria can be achieved. Those criteria are also part of the concept map as objectivity, reliability and
internal as well as external validity (see Figure 1). Those must be achieved by an appropriate choice
of variables and a suitable operationalisation to make a valid measurement of those variables.

By using the concept map on design method experiments, a common language should be enhanced,
a visual representation of the abstract presentations given as orientation and a consistent structure to
compare the presented studies in between each other was facilitated. The focus of the presentations
and the discussions were on the following four points.

1. Explaining the study, including its context, with strong orientation on the elements of the
concept map, such as goal and hypothesis (see Figure 1) of the respective study.

2. The roadmap followed by each researcher — from developing a research question to publishing
the study results in a scientific paper.
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3. Sharing and discussing the study implementation and occurring challenges — from the
conception of study design to data analysis and interpretation.
4. Searching for solution strategies together with all participants in the workshop.
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Figure 1. Concept map for design method experiments (Ureten et al. 2019)

In this part, the respective challenges and ambiguities of the individual institutes encountered were
presented, discussed, generalised and clustered with the help of the visualisation in the concept map.
Throughout the entire workshop a whiteboard was used for transparent documentation. From these
ideas the challenges and best practises were derived. The concept map thus served as a connecting
element between individual experiences made in the institutions and generalizable potential for further
research in future, as best practices were incorporated into the concept map. All findings during the
discussion were written down and clustered later.
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3. Cases discussed

In the following, the studies discussed in the workshop will be presented. They illustrate the broad
range of expertise, the challenges derived and the best practices. Besides the studies’ general structure,
their intricacies as well as specific challenges were presented. The participants exchanged examples of
successful studies, challenges as well as issues to consider both ways. Especially from these
challenges, participants wanted to learn and improve their own research. Thus, the individual learnings
in each institution were consolidated to a common pool of experiences in empirical design research
through this workshop.

3.1. Descriptive and prescriptive studies on the analysis of technical systems in
engineering design
Within the research project, a method was developed on the basis of successful approaches which
supports the analysis of technical systems. First, a study was carried out to identify difficulties during the
analysis of technical systems in engineering design (Matthiesen and Nelius, 2018b). Based on the
findings, a method was adapted and evaluated in another study (Nelius and Matthiesen, 2019). Both
studies were conducted using the same task, data collection methods and data analysis. A total of 34
participants — students and design engineers — worked alone on a realistic task from industry. Concurrent
think aloud was used during the task to collect data. The procedure of the participants was recorded with a
video camera and eye tracking glasses. To examine the confirmation bias, the participants’ statements
were transcribed and coded. The operationalisation of the confirmation bias in the statements in the
concurrent think aloud proved to be difficult in the very open task. Therefore, a very detailed coding
scheme had to be developed. The analysis of the observed approaches showed that students use the
method more intensively than design engineers.
Usefulness of the method was observed by the change in the amount of correctly answered questions
on the design task. The subjectively perceived usefulness of the method was additionally stated by the
participants on a questionnaire. Here there were differences between the observed usefulness and the
subjective usefulness. Students benefited from the method and achieved better results in their analysis,
while no improvement could be shown for the design engineers. The subjective usefulness of the
method, however, was rated significantly higher by the design engineers than by the students.
In an earlier study (Matthiesen and Nelius, 2018a), in addition to the think aloud, the eye tracking recor-
dings of 7 participants were evaluated in order to analyse the visual attention. This provided further quanti-
tative data. The eye tracking evaluation effort, however, would have been too great for the 34 participants.

3.2. Experimental studies for method validation during solution finding

The focus of this institute’s cases lies on testing method adaptions. Single steps of a design method,
which are either in the development phase or have already been fully developed, are taken and adapted
systematically. In an experimental setup, typically the non-adapted form and the adapted form of the
method are tested. The adaptions are derived from the target group’s needs and focused through
surveys and expert experiences with the design method. The adapted method steps are tested in
comparison with their classical, non-adapted version. In several cases, a method aid was an adaption
developed and tested (Ureten et al., 2017).

The presented studies focus on the process of solution finding. The tasks in these experiments have an
open solution space. Experience with the procedure of working with engineering design catalogues
according to Roth (1994) was collected in studies examining different adaptions in the procedure of
using the catalogues (Ureten and Krause, 2017). Tasks ranged from theoretical tasks to real-application
tasks from industrial context. In those studies, student participants solved tasks in workshops with group
work as well as with individual work. The documentation was mainly accomplished through surveys and
focus group interviews right after the study. Audio recording and observations during the study enriched
the data basis. The solution approaches including the methodical procedure for solution finding were
also presented and evaluated after the solution finding phase for measuring applicability, usefulness and
acceptance. While the solutions of group and individual work have been collected, the focus has been on
qualitative data concerning their process to solution finding. The evaluation consisted of a set of criteria
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concerning applicability, usefulness and especially acceptance of the adaption. The experiments yielded
positive results — it was possible to identify boundary conditions under which method aids show success.

3.3. Study on design method usefulness concerning manufacturability

In this study, the aim was to investigate how design methods influence the design solution of engineers. It
was investigated how two different design methods help students in the design for additive manufacturing.
The work process of the participants was only observed qualitatively, not quantitatively. For this purpose,
the leader of the study took notes on the different approaches and a qualitative survey was handed out
after the study, asking participants on their opinion on the methods. The focus of the study was on the
design solutions, not on the process. Therefore, only the design solutions are documented and evaluated
quantitatively. In order to evaluate the design solutions they were graded in eight different categories,
regarding additive manufacturing, summarized in a 16-point-scale by two judges.

In the study, the participants were first given an introduction to the field of additive manufacturing.
With this knowledge the 30 students were invited to solve two design tasks. The resulting design was
to be additively manufactured. By evaluation of the first task, the abilities of the participants to design
for additive manufacturing can be deduced. Before working on the second task, the participants
received an introduction to a method. In order to investigate two methods, the participants were
divided into three subgroups. One group did not receive a further training and was used for
comparison. The other two groups each received introductions to different design methods.

The quality of the participants’ design solutions, determined in the second task, made it possible to
assess the quality of the support. In order to determine the relative difficulty of the tasks, the
participants are divided into two groups and work on the tasks in different order.

The advantage of this study design is that statistical measurable improvements can be found by
calculating and including the different difficulties of the two tasks. The changed order of the task
completion allows this calculation. Therefore, the internal validity of the results is relatively high.

The challenge remains in finding and acquiring enough participants to provide a reliable statistical
data set. Since the solving of the design tasks is time intensive and participants need to stay focused,
external motivation is needed in addition to internal motivation.

4. Challenges and best practices discovered through the workshop

The challenges of each study during its planning, conduction and analysis were presented systematically
and discussed altogether. They can be clustered into different types and through the broad experience of
the workshop participants, it was possible to have an engaged discussion with various solution
approaches for the challenges. Best practices were noted and are documented in Table 1.

Table 1. Summary of identified challenges and best practices

Best Practices

Conduct a pre-study to evaluate the chosen operationalisation

Use of complimentary data collection methods

Training of research staff for consistent data collection

Compare with other research fields for inspiration and standardised measures
Assess inter coder reliability

Challenges

Development of a valid
operationalisation that
can be implemented
with available resources

Setting a solvable and
challenging task that
triggers the desired
behavior

Uncertainty about the
necessary number and
qualifications of
participants

High effort and
resources required for
study and analysis

66

Conduct a pre-study to evaluate the suitability of the task

Ensure that the task provokes challenges that fit the design method

Choice of application example (product) — balancing daily/complex example of use
Correctness of design method usage should be evaluated or ensured

Acquisition of sufficient number of participants for statistical reliability

Check pre-knowledge in advance to have homogeneous groups

Choice of student participants or design engineers from industry depending on
hypothesis

Evaluate smaller steps, adjust participant number

Automated task processing through proper operationalisation
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4.1. Challenges

The exchange revealed four major areas of challenges. The first one refers to the operationalisation.
In a study, this would refer to the operationalisation of the latent and observable variable(s). The
second issue refers to the adequate design of a task that is given in such an empirical study. The third
concern is related to the study participants. This relates heavily with the fourth area of challenge,
namely the effort and resources required to collect and analyse the data.

The operationalisation describes how the latent variable (e.g. creativity) is made measurable into an
observable variable (e.g. number of generated ideas). The operationalisation of the independent and
dependent variable in an empirical study is still an issue in engineering design. The cluster in the
concept map, which shows this element (see Figure 1) is seen as a crucial point when setting up
studies, as it has a major impact on the quality of the results that can be accomplished as well as the
necessary effort and resources. As the proper definition of observable variables is key to an objective
data collection, they need to be defined correctly and consistently.

When validating design methods, the operationalisation of the method’s usefulness is an important
step. Due to the many different purposes of methods, however, there is no uniform operationalisation
of method usefulness. In other academic disciplines such standardised operationalisations exist.
Intelligence for example is typically measured with an 1Q test, which results in an 1Q value for the
participant. The way of measuring and also having standardised measurements for certain variables,
such as system understanding for analysis methods or creativity for synthesis methods remain unclear,
non-uniform and need to be researched for further studies.

Also, the operationalisation of design approaches is often vague and not uniform. Especially for
design approaches there is a close relationship between operationalisation and data collection method.
The concurrent think aloud method for instance may help to understand the participants’ thoughts, if
applied correctly. Some studies presented in the workshop explained the crucial role of study
observers — as every observation is subjective to a certain degree — and their a priori training. Also, the
trainers need a mutual understanding if they train observers for the same data collection during a
study. The same is valid for coders, who analyse the data after the study as they may influence the
results by subjective interpretation. When analysing the collected data, a manual coding of the data is
usually necessary. The reliability of the operationalisation can be evaluated by a double coding and the
determination of the inter coder reliability. For the double coding, a very large expenditure of time is
necessary. As long as there are no standardised operationalisations, this effort is driven by many
researchers in parallel without them profiting from each other. This also leads to the problem that
results cannot be compared through different operationalisations.

The task or design prompt that is given in an empirical study to be solved by the participants can be
found in the cluster for the experiment design in the concept map (see Figure 1). Challenges arise in
measuring the difficulty of a task. Especially in in-between subject designs with two subsequent tasks
of required equal difficulty, the assurance of the level of the task needs to be cleared.

Furthermore, it is a challenge to reconstruct a task from industry into a task within an academic,
laboratory environment because the participants lack the necessary background knowledge. It is often
unclear how much input is required to depict the required context and when this input gives too much
information, which may influence the participants’ behaviour in an undesired way. In empirical
engineering design studies the development of a technical system is often the core of the task. This
raises the question about what kind of product, device or material, should be provided to the
participants during a study. Finding a balance between constructed design tasks on daily products (e.g.
coffee machine) and realistic design tasks on specialised systems is not necessarily straightforward
and requires a great deal of experience. Combining the challenges of designing a proper task and using
a specific illustrative product, it still does not guarantee that the task triggers the assumed or required
behaviour connected with the method or issue that is investigated.

Another issue is the objective evaluation of the solutions developed by the study participants. While
evaluation can take place through experts, open solution tasks make a clear assessment more
challenging and certain measures need to be taken to reduce that effect. There is a lack of a guideline
to define a design task, which evokes realistic challenges that can be addressed within a reasonable
timeframe and where depended variables can be measured by the chosen operationalisation.
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With regards to the participants there are a lot of criteria for including and excluding participants (see
Figure 1). Especially their knowledge needs to be considered for empirical studies. Also, for gaining
statistically reliable data, the number of participants with the required qualifications, such as
experience and motivation, should be adequate. Creating a group consisting of sufficiently
experienced engineers with homogeneous experience and training is thus a great deal of challenge.
Especially because experiential knowledge is usually connected to a certain product. This connects to
the task as the system of choice might be unknown by some participants. The type of data collection
can also impose requirements on the participants. With concurrent think aloud, some participants
experience difficulties in not being able to verbalise their thoughts fluently. When eye tracking is used,
subjects with glasses are frequently excluded from the study.

If the challenge of having a sufficient number of participants for a statistically reliable dataset is met,
this often results in high effort and resources required for data analysis. Especially qualitative data
can be quite rigorous to evaluate. Transcripts for coding of sessions, double resources for determining
the inter coder reliability and personnel required during the conduction of the empirical research, such
as having enough study observers and training them beforehand, heavily relies on the resources
available and poses limitations. The effort required to carry out and analyse the study is primarily
associated with the chosen operationalisation and data collection method.

4.2. Best practices

The best practices are derived based on the challenges encountered and the discussions made with all
participants. Regarding the issues with operationalisation, a pre-study is strongly recommended to
evaluate and test the operationalisation and data collection method. Though in general a pre-study is
recommended to have a look at each instance and element of a rigorous planning, especially the
operationalisation and the task including the uncertainty about the possible behaviour is to be
evaluated. To encounter the challenges arising from the use of a single data collection method,
methods can be combined. For example, through triangulation, additional information can be
generated to ensure more valid conclusions by comparing different data sets. This is also accompanied
by a raised effort for the additional methods employed.

Our experience is, that there is a trend to go into more detail and to use quantifiable data. Though there
is no standardised way of doing research, the methods and data collection tools used should be
considered carefully with the issue that needs to be addressed or investigated. Also, the number of
participants and the target audience plays an important role. During the design method use, it should
be foreseen that the method is applied correctly, instead of realising after the study that the method
was not applied in a way, which was required for the study. It has been effective to not only test the
condition “no method” and “method application”, but also to compare similar design methods or
method adaptions. As a lot of valuable insights can be gained with empirical studies, it is
recommended to start considering an empirical study framework or context (such as study design,
task, evaluation) for method validation.

Automation in data analysis enables the statistical evaluation of large numbers of participants at a
reasonable effort. Concerning this, it has to be considered that the key to automation is a proper
operationalisation of latent variables that lead to variables that can be measured. By using
algorithms, those variables can be extracted from the extensive amount of data necessary for statistical
analysis. These algorithms only produce valid results when they are created by using valid
operationalisations. The efficient data analysis using algorithms promotes the dissemination of
standardised operationalisations and thus contributes to comparable results.

5. Reflection about the workshop approach and findings

As intended, the workshop approach enabled to prevent ambiguities and misunderstandings by face to
face discussion. The used concept map additionally supported in gaining a common understanding.
Researchers participating in the workshop represent three different research poles with different types
of empirical studies (experiments, surveys, interviews, case studies) as well as the use of different
resources such as expert interviews, design methods used, data collection methods, types of evaluation
and operational conduction.
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This work bears certain limitations. Firstly, the limited number of researchers and the cases discussed
resulting from own research work of the researchers’ institutions. The participants may have been
biased depending solely on the limited amount of studies discussed. Secondly, the researchers
involved are all from European countries, which leaves out possible views from other design
communities. Regarding these limitations, the results are a first step for raising awareness for some
challenges in design research faced by young researchers and are therefore not be seen as an
exhaustive set of challenges. Extensions to this initial work as a kick-off can be made for further
detailing the work

a) in the approach to answer the research questions by enriching the research experiences through
other, complimentary research methods. Future work should include a detailed analysis of existing
cases, such as a systematic literature review and in case of workshop, increase the number of
participants with regards to generalisability of the findings,

b) by aligning individual best practices into a line of thought or flow of preparation for empirical
studies and c) with a survey that could validate the findings and increase representativeness.

6. Conclusion and outlook

The requirements for valid studies in design research are high and extensive. Especially for the mostly
inexperienced researchers who set up and execute the studies, considerable challenges arise. The
challenges can be assigned to two overarching aspects. (1.) The systematic procedure of preparing,
building up a design task, carrying out and evaluating a study. The approaches described in the
literature describe the procedures too abstractly and provide too little support in practical
implementation. A detailed guideline for studies in design research for inexperienced researchers is
not available. (2.) The operationalisation of the target variables represents a major difficulty, resulting
in a high effort. The suitable operationalisation represents a basic requirement for every data
collection. However, there are no standardised research methods, which support operationalisation in
this area so far. In addition, the validation effort of today’s research methods, thus the available
resources, reduces the possible number of participants and the number of studies. The findings have
been based on a workshop with 6 researchers from different universities representing various
experiences, and need to be further examined by detailing the findings and complimentary research to
consider generalisability of the findings. With this contribution we would like to stimulate a discussion
in the research community in order to work together on these research challenges. Both a written
guideline for the development of empirical studies as well as standardised (and possibly automated)
research methods could form a major contribution to design research.
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