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Abstract

Experiments play an important role in
Information Systems research. In this area, Virtual
Reality (VR) technologies can serve as a tool for
enabling and conducting research.e.g., to investigate
human behavior in specific situations. A prime
example is VR-supported driving simulatorsthat allow
researchers in the automotive domain to gather
knowledge while reducing cost and complexity
compared to field studieswith real cars. We argue that
the wuse of carefully designed VR-supported
experiments might allow researchers to get deeper
insightsinto human behavior. Thus, we derive design
principlesfor VR Experiments as an artifact from the
literature about VR-supported driving simulations
that have been accepted as a useful tool for research
in theirdomain.

Keywords: Virtual Reality, Simulation, Design
Principles, Experiment.

1. Introduction

Virtual reality (VR) is gaining increasing
importance with the advent of the Metaverse, a virtual
parallel word (Lee et al, 2021). Supported by
improving hardware like VR headsets such as the
Oculus Quest 2, VR is available to more and more
researchers. Researchers' interest in VR has grown
over the years (Wohlgenannt et al., 2020), with
research areas ranging from clinical applications
(Garrett etal., 2018) to educationaluse (Radiantietal,,
2020). Safety-related topics are another exemplary
research area in which VR appears to be a promising
tool forconductingresearch (Duarte et al., 2010). This
applies, among other things, to safety training,
research into dangerous situations such as behavior
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during natural disasters, and research into safety-
critical warnings. In the area of warnings,
conventional, physical simulators and simulation
software have long been used to avoid exposing
research subjectsto dangerous, real-life situations and
simplify the research process (Duarte et al., 2010). In
the light of new, specialized hardware and improving
computational power (Lee et al., 2021), VR comes as
a natural extension of these traditional approaches by
potentially leading to more realistic simulations
(Bozkir et al., 2019). Nevertheless, VR may also have
its own challenges stemming from potentially more
complex hardware and less existing research and
experience. This paper aims to investigate VR
Experiments (VRES) as a particular use case for VR
technologies. Since conductingexperimental research
on driving through simulation software is a long-
standing research approach (Kaptein et al., 1996), we
argue that the knowledge gathered from VR-based
research work can be transferred to other domains like
Information Systems (IS). As with driving
simulations, a focal point of utilizing simulators lies in
the transferability of results and learned behavior to
reality (Duarte et al., 2010). Experimental research
aims to answer a specific research question with the
results of an experiment (Karahanna et al., 2018).
Nevertheless, there might be a lack of realism and thus
low external validity (Karahanna et al., 2018). VR
might become an essential and promising tool for
researchers (Duarte et al., 2010) by reducing cost and
effort while creating credible situations (Bozkir et al.,
2019). Research work that considers various safety
aspects associated with automotive systems can
specifically benefit VR because hazards can be
represented credibly, and the tasks can also be
simulated to the greatest extent possible.
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In this paper, we address employing VREs for
experimental research in IS from a design science
perspective. The credible representations of real-world
situations VREs provide make them particularly
suitable for experimental research that seeks to
combine the use of IS with physical or emotional
aspects. Additionally, we consider the researcher’s
perspective on using VREs when conducting research
and not only the perspective of a study participant.
Thus, the results will be more useful for future
research with VREs. The need for realistic VREs that
enable researchers to get transferable insights leadsus
to the following research question:

RQ: How should VR-supported experiments be

designed to provide highly transferable results in

IS research?

We aim to answer this research question by
conducting a design science research (DSR) approach
based on Hevner et al. (2004). By first providing a
comprehensive literature review based on Websterand
Watson (2002) and vom Brocke etal. (2009) in section
2, we describe our methodology. Section 3 proposes
eight design requirements and synthesized design
principles following Gregor et al. (2020) by
considering the researcher’s, the simulation
developer’s, and the research subject’s perspectives.
We aim to guide future research and offer valuable
suggestions on how research with VREs can be more
comparable and transferable to reality by focusing
mainly on the challenges and limitations of the
reviewed literature and deriving design principles to
guide developers of VREs.

2. Methodology and research design

Following a design science approach (Hevner,
2007), we aim to generalize and transfer the well-
developed and accepted knowledge base from driving
simulation VREs to VREs in IS. For a more focused
research process, we chose to limit our search to
driving VREs considering in-car warnings e.g.,
collision warnings, since the research on warnings
considers both the performance and behavior of study
participants. Table 1 shows our design science
research (DSR) process. The three cycles (relevance,

rigor, and design) are described in the work of Hevner
(2007). The relevance cycle initiates a design science
approach by finding an application context that
provides requirements and acceptance criteria for later
evaluation of the artifact to be designed. The rigor
cycle ensures scientific rigor by drawing from the
existing scientific knowledge base and thus ensuring
the contribution of the created artifact. In the design
cycle the artifact is created (or, in case of more
iterations, iterated) based on the gathered knowledge
from previous cycles. Lastly, the artifact is evaluated
against the requirements originating from earlier
cycles (Hevner, 2007). In our case, the artifactare the
derived design principles with their testable
propositions. Design principles are prescriptive design
knowledge that aims to guide developers in creating
artifactsin a specific context (Jones & Gregor, 2007).
They should consist of anactor (e.g., an implementer)
that wants to achieve an aim in a context. The design
principles presenta mechanism to achieve thisaim and
arationale as a justification (Jones & Gregor, 2007).

Intherelevance cycle, we performed an extensive
systematic literature review on warning-related VREs
for driving simulations (vom Brocke et al., 2009;
Webster & Watson, 2002) shown in Table 2. After
analyzing the identified relevant literature, we found
the main requirements for this kind of VREs. We
further found that existing simulations were rarely
reused in other experiments. This leads to a problem
of comparability since different simulators lead to
hardly comparable results. Especially in IS research
the replication of experiments is vital to ensure the
validity of single studies (Jarvenpaaetal., 1985). As a
second step, we performed the rigor cycle to identify
knowledge relevant for developing VREs. We
formulated transferred generalized requirements for
VREs based on a thorough literature review and
additional literature. In the design cycle, we used the
requirements, the identified actors, and additional
literature to find design principles for VREs as
software artifacts using the framework by (Gregor et
al., 2020). As suggested by Gregor et al. (2020), we
mainly focus on “people aspects” in principles. Lastly,
we derive testable propositions for the principles and
evaluate the principles and testable propositions with
researchers in a workshop.
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Table 1 Design Science ResearchProcess

Relevance Cycle Rigor Cycle Design Cycle
Inputs e Warning simulator e Literature reviews e Simulator literature
literature e Researchers
Methods e Literature review e Contentanalysis o Workshop with researchers
Steps e Search Literature e Analyze publications e Derive design principles
e Analyze publications o ldentify input knowledge e Evaluate design principles
for design process
Results e Identification of e Simulator literature e Evaluated design principles

problems with existing e Requirementson VRES

simulators

To assess the current state of VREs and identify
their most important features, we conducted a
systematic literature review (vom Brocke et al., 2009;
Webster & Watson, 2002). VR simulators and in-car
warning research are highly interdisciplinary areas
with  technical, qualitative, and quantitative
approaches. Therefore, we decided to consider the
following databases: Web of Science, ACM, IEEE
Xplore, Association for Information Systems, and
Science Direct. An initial search was conducted with
the search string:

("Virtual Reality” OR VR) AND (warn* AND
driv*).

The query resulted in 426 results. After an initial
title and/or abstract screening, 43 articles were
considered for full-text screening. As inclusion
criteria, we choose that an immersive VVR-Device
(Head-Mounted-Display (HMD) or a Cave Automatic
Virtual Environment (CAVE)) must be used and a
warning must be emitted to study participants. The
search with the strings “warn*” and “driv*” yielded
many articles with little relevance because “driven”
and “warned” are frequently used in other contexts.
Furthermore, some articles claimed to use VR but
utilized neitheran HMD nor a CAVE and thus, did not
create a 3D representation of a situation. Nevertheless,
we chose the search strings to include any relevant
work. After the full-text screening, we identified 14
articles for review. A forward and backward search
yielded no additional results. Lastly, we considered
articles from already existing reviews on similar topics
(Riegler et al., 2021; Vankov & Jankovszky, 2021),
but the identified relevant articles were already
included in our review. One of the fourteen articles
described the implementation of a specific simulator,

and three articles experimented with a named
simulator. Nine articles created or customized a
simulator for their experiment. Lastly, one article
mentioned using a VR-Simulator; however, the
simulator is not further described. Table 2 illustrates
the identified literature with mentioned features or
requirements for the simulators.

3. Results

3.1 Identification of literature-based

requirements

We found eight requirements (R1..R8) in the
literature review and grouped them into three
categories shown in the concept matrix (Table 2)
(Webster & Watson, 2002). The first category is
immersion. It includes requirements necessary for the
naturalbehaviorof the study participant thusinducing
external validity. Immersion aims to place the study
participantsin a virtual situation so that they are no
longer fully aware of being in a simulation (Bowmann
& McMahan, 2007). Presence as the human reaction
to immersion is the main requirement (R1 Presence)
(Schuemie et al, 2001; Slater, 2003). Presence
describes a feeling of being and actingin the simulated
environment and can be measured by standardized
questionnaires (Schwind et al., 2019). The reviewed
literature suggests and uses mainly a hand or body
representation to create a sense of presence, e.g.,
(Riegler et al., 2019a). Moreover, the experimental
situation mustbe presented in a way thatis perceived
as such and taken seriously (R2 Situation
Representation) (Kinateder et al., 2012). The same
applies to a possible experimental treatment. In the
case of warnings, even if a multimodal warning is
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investigated, all components of it (e.g., audio or
vibration) must be able to be experienced in the virtual
world (Duarte etal., 2010; Riegler et al., 2019a).

The second category, data collection, summarizes
what data the simulator should track during an
experiment. This category is particularly important for
the comprehensibility of the results and comparability
with other studies. In the case of driving VREs, first,
the movements of the controlled vehicle must be
recorded (R3 Virtual Car) (Wang et al., 2014). Here,
either extensive gyroscopic data (Wangetal.,2014) or
only events of importance for the study (such as
braking and steering) (Song et al., 2018) can be
recorded with timestamps. This requirement can be
generalized with the trackingof the situation. Itshould
be constructible from the data about when participants
experienced specific events and how they reacted.
Second, data from study participants are needed for a
comprehensive evaluation (R4 Study Participant). The
reviewed studies used eye-tracking (Bozkir et al.,
2019), heart rate (Uijong et al., 2019), and galvanic
skin response (Morra et al., 2019) as data from the
participants. A simulator should have an interface for
this kind of data to align them to in-simulation events.
Third, the participants' task performance needs to be
tracked (R5 Task). The reviewed studies used different
taskslike following a course to create a more realistic
driving situation (Ma et al., 2021) or to measure the
influence of warnings on task performance (Riegler et

al., 2020). Task performance for both scenarios should
be tracked for later comparisons with different studies.

The third category, platform, includes technical
aspects of the simulator. Most importantly, the created
simulation should be presented to the study
participant. To achieve this, the VR-Device (R6 VR-
Device) and the used (game-) engine (R7 Engine)
should be state-of-the-art. The reviewed literature
mainly used the HTC VIVE and the Oculus Rift as
headsets. In 12 of the 14 reviewed articles, Unity3D
was used as the game engine. Lastly, the simulator
should support additional hardware (R8 Additional
Hardware) like a steering wheel and pedals. In the case
of IS experiments, it might make sense to include
additional hardware if the VRE is dealing with a
specific  interaction device (e.g.,  joystick).
Nevertheless, most IS experiments might not need
additionalhardware.

Table 2 Literature Review

Immersion Data Collection Platform

Presence  Situation | Car Study Task | VR Engine  Additional

Requirements Participant Device Hardware
(R1) (R2) (R3) (R4) (R5) | (R6) (R7) (R8)

(Wang et al., 2014) X X X X X X
(Kinateder et al., 2012) X X X X X X X
(Ju etal., 2019) X X X X X X X
(Riegler etal., 2019a) X X X X X X X
(Bozkir et al., 2019) X X X X X X
(Hock et al., 2016) X X X X X
(Riegler etal., 2019b) X X X X X
(Riegler etal., 2020) X X X X
(Colley et al., 2021) X X X X
(Maetal., 2021) X X X X X X X
(Morra et al., 2019) X X X X X X
(Uijong etal., 2019) X X X X X X
(Song etal., 2018) X X X X X X X
(Charissis & Naef, 2007) X X X X X
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3.2 Derivation of design principles

After deriving and structuring the general
requirements from the literature, we defined the actors
by following Hevneret al. (2004). Gregor et al. (2020)
suggest defining an implementer, a user, and a
theorizer for the development of design principles.

Theimplementeris the simulation developer, who
should apply the design principles to the concrete
simulator. Users are the study conductorswho wantto
use the simulator fortheir studies and experiments. For

The simulator must create a
sense of presence. i

R1

The simulator must adequately
R2 | present the experimental
situation.

this purpose, the conductor will need study
participantswho are the enactors. The theorizer is the
warning researcher who wants to capture the
simulators' design knowledge. Based on the identified
actors and requirements, we can now derive design
principles following Gregor and Jones (2007) by
adding additional insights from the literature. The
relation between requirements and principles is shown
in Figure 1.

DP1.1 | Presence

The simulator must track the
input data from the user.

R3

DP1 | Immersion (R1, R2, R7, R8)

/

A a

DPI.1 | User-friendliness

R4 The simulator must track data
from the virtual car.

DP2 | Reproducibility (R3, R4, RS)

The simulator must track the

/| ; DP3 | Data collection (R3, R4, R8)
/

Customizability (R6 ,R7, R8)

RS driving performance of the user.
R6 The simulator must support state | |
of the art VR-Devices. T
R7 The simulator should be based
on current engines.
RS The simulator should support

additional hardware.

Figure 1 Design requirements and derived design principles

DP1 (Principle of Immersion) is based on the
requirementsR1, R2,R6, and R7. The literature shows
that immersion is one of the key factors for
transferable results (Bowmann & McMahan, 2007,
Duarte et al., 2010). Immersion can be defined as the
extentto which subjects feel they are cut off from the
real world and feel motivated, or caught up, by the
virtual environment as if it were real (Duarte et al.,
2010). To present the virtual environmentin the most
realistic way, state-of-the-art VR engines and headsets
should be used for the experiment.

For simulation developersto allow conductorsto
collect real-world, transferable data of the study
participants in the simulated environment, there
should be a certain amount of immersion because
immersed participants are expected to behave more
naturally and take hazards more seriously.

Following Gregor et al. (2020), this design
principle can be decomposed into two design

principles (DP1.1 and DP1.2) focusing on the study
participant.

(DP1.1) Principle of Presence: For simulation
developers to allow participants to immerse as much
as possible in the simulated environment, there should
be a certain amount of presence because presence
leadsto real-world-like reactions.

(DP1.2) Principle of User-friendliness: For
simulation developers to allow participants to
immerse themselves as much as possible in the
simulated environment, the simulator should be as
user-friendly as possible because a user that is
instantly familiar with the presented scenario is
expected to act more naturally.

DP1.1 and DP1.2 aim to immerse the participant
in the given situation. Presence asthe “feeling of being
there” is @a humanreaction to immersion (Slater,2003).
It can be increased by a simulated body. Some of the
reviewed simulators used virtual hands (Morra et al.,
2019) or more body parts (Riegler et al., 2019a). In
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some situations, a self-created avatar might lead to an
even higher level of presence (Dechant et al., 2021).
User-friendliness can be achieved by designing an
intuitive way of interacting with the simulation
(Uijong et al., 2019). In the case of driving VREs, a
steering wheel and pedals are the most intuitive way
of controlling a virtual car. In the case of IS
experiments, it should be considered to focus on a
realistic simulation of the interaction with the system
in the scope of the experiment. The goal of a developer
should be to create an experience that feels asclose to
real-world scenarios as possible. We recommend that
simulation developers include several questionnaires
in an iterative development process — presence
(Schwind et al, 2019), user Experience (UEQ)
(Laugwitz et al., 2006; Schrepp et al, 2017), and
simulator sickness questionnaire (SSQ) (Kennedy et
al., 1993). Although all reviewed literature conducted
all questionnaires outside of a VR setting, some
authors (Schwind et al, 2019) recommend
implementing them in the virtual environment. We
formulate the following testable proposition: (TP1) If
a simulator follows DP1, then it will score better
results in the presence questionnaire.

The second design principle DP2 (Principle of
Reproducibility) is based on requirements R3, R4,
and R5. Whenever an experiment is conducted, the
results should be understandable forother researchers
so they can run their own experiments and compare
results. Thus, the simulator needs to track changes in
the situation, the user’s inputs, and the given
treatments timely aligned to achieve reproducibility.
Besides the data collection, we also recommend
researchers to share their virtual environment with
others for further comparability and reproducibility.

Car Movement

/ Task Performance

For simulation developersto allow conductorsto
generate meaningful data, the data should be
reproducible because other researchers can only
compare the results with other studies when the results
are reproducible.

We thus formulate: (TP2) If a simulator follows
DP 2, then it will lead to more comparable results
between studies.

The third design principle DP3 (Principle of
Data Collection) is based on requirements R3, R4,
and R8. Depending on the experiment, internal and
external data points are to be recorded. We define
internal data as data that can be measured directly
within the simulation and external data as data that
needs additional hardware or interfaces for the
simulation.

In our reviewed literature, we found the external
data points: skin conductance level (Kinateder et al.,
2012), eye tracking (Bozkir et al., 2019), heart rate
(Uijong et al., 2019), and the internal data points car
movement (Wang et al., 2014), participant’s input
(Song et al., 2018), and task performance(Riegler et
al., 2019b). In implementing a VRE, all nhamed data
points should be tracked and timely aligned. The
simulator should provide corresponding interfaces or
a general open interface for it. Figure 2 gives an
overview of exemplary internal and external data in
the case of VREs in the automotive domain.

For simulation developersto allow conductorsto
evaluate and share their results in the best manner
possible, as much data as possible should be stored
during the experiment because the reasonsfor specific
reactionsmight not be known beforehand.

This leads to the following testable proposition:
(TP3) If a simulator follows DP3, then it will record
enough data for an extensive analysis.

Eye tracking
s
i Hieart Rate |
SCL !

Figure 2 Internal and external data in the case of driving VREs
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The fourth design principle DP4 (Principle of
Customizability) is based on requirements R6, R7,
and R8. An easily customizable simulatorcan createa
huge research impact. Riegler et al. (2019a) presentan
open-source approach for a simulator with
“AutoWSD” thatis an example of a customizable
Open-Source simulator focusing on windshield
displays in different autonomous driving levels.
Creating a customizable simulator should support the
current state-of-the-art VR headsetsand use a broadly
used engine. We recommend using Unity3D as the
engine because it supportsall current consumer-grade
VR headsetsand iswidely used in research. We would
further recommend providing several extensively
documented “Scenes” (Ready to go scenarios in
Unity3D), so that even inexperienced researchers can
create their own scenarios (Unity, 2022).

For simulation developersto allow conductorsto
perform further studies easily, there should be a
certain amount of customizability because a
customizable simulator increases the chancesit will be
reused, and a reused simulator will create highly
comparable results.

We formulate the following testable proposition:
(TP4) If a simulator follows DP4, it will find more
adoption in future warning research than extant
simulators.

Finally, we summarize the use of the presented
design principles in (TP5): If a simulator follows the
presented design principles, then it will be perceived
as more useful by study conductors than extant
simulators.

4. Discussion

This section discusses our contribution and
highlights implications for DSR, VR simulator
developers, and experimental researchers that would
like to use VREs. To answer our main research
question: “How should VR-supported experiments be
designed to provide highly transferable results in IS
research? ”, we identify six DPs. Inaddition, we give
specific recommendations and testable propositions
based on existing simulators and additionalliterature.
These allow researchers to focus on the most
important attributes of a VRE. Furthermore, they
motivate researchers to create reusable VREs that
allow comparingstudies from different experiments.

DP1 Immersion is a requirement for valid results
and should motivate application designers of VRES to
make use of the benefits of VR technology. DPs 1.1
and 1.2 give further guidance on how to design an
application for the study participants so that they
behave like they would in real life. The subsequent
design principles focuson the researcherworking with

the VRE. DP2 (Reproducibility) and DP3 (Data
collection) focus on the experimental setup to ensure
useful and meaningful results of an experiment. DP4
(Customizability) emphasizes that the VRE
applications should be designed in a way that allows
future research in the same environment. This is one
of the main benefits of VREs compared to traditional
lab experiments as researchers all over the world can
conduct research in the same setting without great
effort.

The presented work contributes to DSR by
identifying important characteristics of given solutions
with the aim of optimizing VREs. In addition, we
highlight relevant actors. Our research contributes to
recent literature on VREs by summarizing the
experience of different authors that work on or with
VREs in the form of design principles and transferring
them to the IS domain.

To that end, we propose recommendations on
implementing VREs. IS researchers can benefit from
the derived principles by incorporating them for their
VREs or adaptingthem for similar problems. When
designed carefully VREs cansupportscience at large.
The immersion and created presence can lead to
valuable insights into human behavior and
performance e.g., decision-making of consumers in
different environments, the behavior of humans in
different urban layouts, or performance in education.
Like computer-simulations, (e.g. fortraffic), VREs are
a virtual representation of a real situation allowing
researchers to measureand record data directly in the
simulation and overcome constraints like cost or
danger. VREs additionally include an acting human
being so thatactualhuman behaviorand performance
can be investigated.

5. Conclusion

VREs can play an important role in forthcoming
IS research. In this paper, we introduce six design
principles that help researchers use and create VRES
in a more defined way by conducting a literature
review about VR-supported driving simulations. The
identified principles can be used to develop a VRE and
focus on the ones using it. Four identified principles
focus on the study conductor (immersion,
reproducibility, data collection, and customizability),
and two focus on the study participant (presence and
user-friendliness). Using our design principles will
lead to more efficient and customizable VREs that
allow a broad range of researchers to reach more
comparable and transferable results. We also envision
that the experience of study participants is going to
improve. Insum, we open the doorforcomparable and
transferable future work with VREs in 1S research.
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Nevertheless, this study has some limitations.
First, not all extant research on VREs has been
considered in the literature analysis. However, by
choosing anexemplary domain, we are confident that
we were able to capture a sufficiently broad body of
literature. Second, a thorough evaluation of the
proposed design principles in expert interviews or an
implemented VR simulator is required to verify our
results. Third, within 1S research, the importance of
the proposed design principles may vary dependingon
the specific use case and research question. Lastly, it
remains to be seen how practitioners can
operationalize and use the design principles. Future
research might develop the design principles after
creating artifactsasan instance of them.
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