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Laboratory education plays an indispensable role in university level natural science curricula. To achieve all
intended learning outcomes of laboratory education, students should be carefully prepared before they enter the
laboratory. This can be done by means of non-traditional labs, and more specifically, virtual experiment envi
ronments (VEEs). Although VEEs are increasingly being used in higher education, there is a lack of studies that
provide actionable guidelines on how to design such VEEs. The goal of this study was to provide general design
requirements, design principles, and a design architecture that can be used as a blueprint to design VEEs. To
achieve our goal, we used an educational design research approach to design four VEEs, which have been
evaluated in real educational contexts. Besides establishing three general design requirements, Fourteen corre
sponding design principles, and a design architecture based on the insights gathered during the educational
design research process, we also included detailed information on how they can be applied. Such information in
the context of VEEs is new to literature, and has the potential to help teachers and instructional designers to
design high quality VEEs.

1. Introduction
1.1. Non-traditional labs
Laboratory education plays an indispensable role in university level
natural science curricula. Kirschner and Meester [35] defined eight
student-centred general learning outcomes for university level labora
tory education. Three of those general learning outcomes: obtaining
hands-on experience, using knowledge and skills in unfamiliar situa
tions, and solving problems, can only fully be achieved in a laboratory
class. The other five general learning outcomes: planning experiments,
interpreting data, describing experiments, remembering theory for a
longer period of time, and formulating hypotheses, are often considered
as intended learning outcomes of laboratory education [4], although
they may well be achieved outside the laboratory [15, 46]. To help
students achieve those five learning outcomes, and to help students
prepare for the three learning outcomes in the laboratory, part of the
laboratory education should take place outside the laboratory in the
form of a targeted preparation assignment [9, 55]. Targeted preparation
can be done using non-traditional labs [47].
A large variety of non-traditional labs (NTLs) such as computer
simulations, virtual laboratories, and remote laboratories have been
introduced, reported, and reviewed in literature [2, 13, 14, 24, 26, 29,

38, 45, 47]. Reported advantages of NTLs are: i) they can simulate
dangerous, time-consuming, and expensive experiments, ii) they are not
restricted by factors such as limited space and equipment, which makes
them suitable for distance learning, and iii) they can promote learning
from mistakes, without causing a significant increase in time, effort or
costs. Based on these advantages, we believe that NTLs are not only
suitable for stand-alone assignments, but also as assignments to prepare
students for doing experiments in the laboratory.
NTLs are increasingly being used in higher education [24], which
calls for studies that provide actionable information on how to design
them. Studies that focus on the design of NTLs are often categorised as
design-based research, or, more specifically, educational design
research. This kind of research requires collaboration between re
searchers and practitioners [3, 21, 36]. Despite the increasing number of
initiatives, such collaborations are difficult to establish, as it often turns
out to be challenging for researchers and practitioners to share a com
mon understanding of where a project is headed [42].
When engaging in educational design research, we distinguished
three relevant categories of publications. The first category contains
literature that provides detailed information on how to set up educa
tional design research (e.g. Bakker [8]; Chen and Reeves [16]; McKen
ney and Reeves [42]; Plomp [44]). The second category provides
guidelines for designing instruction. These guidelines are based on
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learning sciences, which developed an understanding of how technology
can be used to foster learning (e.g. Clark and Mayer [17]; Mayer [39];
Van Merriënboer and Kirschner [54]). The third category describes case
studies based on an educational design research approach (e.g. Brahm
[11]; Euler and Collenberg [23]; Koivisto et al. [36]; Lambert and
Jacobsen [37]; Thomas, Shyjka, Kumm, and Gjomemo [50]). Such
studies generally combine literature of the first two categories to make
informed design choices.
Despite the value of the guidelines in the second category, we were
unable to find case studies that provide detailed information on the
application of such guidelines to design a NTL. Most case studies in the
field of educational design research (the third category) provide limited
practical information regarding the design of innovations (know how),
which, when it would be combined with learning theories (know why),
would provide valuable information for the design of future innovations
[10, 34, 56].

Table 1
Phases and output classes of educational design research and corresponding
sections in which the output classes are discussed.
Phase

Output class

Relation to the design of a
NTL

Section

Analysis &
exploration

Design goal

Contextual

2

Design constraints
Design
requirements
Design principles

Contextual
General

2.1
2.2

General

Design
architecture
Evaluation results

General

2.2 +
2.4
2.3

Contextual

3

Design &
construction
Summative
evaluation

(design goal, design constraints, and evaluation results) are specific to
one learning situation, whereas the general output classes (design re
quirements, design principles, and design architecture) are applicable to
any learning situation. Hence, the general output classes have the po
tential to help teachers and instructional designers to design high quality
NTLs.
As there is no consensus on the terminology to define categories
within NTLs [24], we categorize the NTLs that are subject of this paper
as virtual experiment environments (VEEs). A VEE is defined as “Any
educational resource that enables students to design and/or to carry out
virtual experiments and/or to process data, and to analyse and interpret
results” ([26], p. 376).
The goal of this study was to provide general design requirements,
design principles, and a design architecture that teachers and instruc
tional designers can use as a blueprint to design VEEs. The following
research questions were formulated:

1.2. Educational design research approach
Educational design research can be defined as “a genre of research in
which the iterative development of solutions to practical and complex
educational problems also provides the context for empirical investi
gation, which yields theoretical understanding that can inform the work
of others” ([42], p. 6). This type of research can be subdivided into
several phases (see e.g. Bakker [8]; Branch [12]; Cronje [18]; McKenney
and Reeves [42]). Although the exact naming and division of the phases
varies slightly according to different authors, their content is similar,
and we will present them as i) analysis & exploration, ii) design &
construction, and iii) summative evaluation.
The analysis & exploration phase involves i) defining the complex
educational problem, ii) defining the context of this problem, and iii)
identifying and meeting involved stakeholders [42]. This will result in a
design goal, a set of contextual design constraints, and a list of design
requirements. A design constraint is “a limit or restriction on the features
or behaviours of the design. A proposed design is unacceptable if these
limits are violated” ([22], p. 7). Design requirements define the goal of a
design process, and make explicit how one can observe or measure
whether the design goal has been reached [25]. The design requirements
can be used as a starting point for design & construction.
The design & construction phase includes i) the exploration of so
lutions, such as generating, considering, and checking ideas [42], ii) the
mapping of solutions, in form of design principles [51], and iii) con
structing prototypes. Design principles are heuristic statements that
guide the designer towards a solution for the complex educational
problem (i.e. satisfying the design requirements), and can be formulated
as follows: “If you want to design intervention X [for purpose/function Y
in context Z], you are advised to give the intervention the following
characteristics”, followed by procedures, theoretical arguments and/or
empirical arguments ([44], p. 24). Design principles provide the infor
mation needed to start constructing prototypes of the intervention [42].
Recurrent testing and formative evaluations of the prototypes will
contribute to a knowledge base from which the initial design principles
can be complemented. When the design & construction phase has been
completed, a design architecture can be extracted from the developed
intervention. A design architecture is a top-level structure and a set of
related overall characteristics [25].
The summative evaluation phase proceeds upon implementation of
the intervention in the learning situation. Based on the results of the
summative evaluation, the design principles that were defined in the
design & construction phase may be fine-tuned. Furthermore, the results
will point out whether the design requirements are satisfied by the
intervention.
To summarize, the educational design research approach as pre
sented in this paper has three phases and six corresponding output
classes (Table 1). When applying this approach to design a NTL, the
output classes are either contextual or general. Contextual output classes

• Which design requirements are relevant for VEEs?
• Which design principles contribute to achieving the design
requirements?
• What is a suitable design architecture of VEEs?
To answer the research questions, we went through multiple cycles
of the educational design research approach. In the remainder of this
paper, we describe the findings of this cyclical process in a linear
fashion. As indicated in Table 1, Sections 2.2 through 2.4 provide the
answers to the research questions. In Section 3 we discuss the results of
summative evaluations, which were used i) to evaluate the design re
quirements that were initially formulated in the analysis & exploration
phase, ii) to finetune the design principles that were formulated in the
design & construction phase, and iii) to visualize the corresponding
design architecture.
2. Design of virtual experiment environments
This paper presents the results of the educational design research
approach that yielded four VEEs for two different courses, which were
all based on the same design goal: to design VEEs that facilitate targeted
preparation for university level laboratory classes. In our context (on
which we will elaborate in Section 3.1), targeted preparation means that
students: i) know the goal of the experiments and understand the prin
ciple of the methods involved, ii) know what the raw data resulting of
those experiments look like, iii) are able to process the raw data into
results, and iv) are able to interpret the calculated results.
2.1. Design constraints
Five contextual design constraints were identified in the analysis &
exploration phase. First, each VEE had to be aligned with the pre-defined
intended learning outcomes of the target course. Second, the amount of
2
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therefore included as ‘level 0′ . It may consist of questions or exercises
that target to activate prior knowledge, to construct new knowledge,
and introduce students to the topic of the VEE. This is especially relevant
when students do not have the required prior knowledge to start
working in the VEE. At the research question level, students obtain predefined research questions. These research questions represent the
actual assignment that the student will be working on in the VEE. The
first step in the VEE is to complete partially defined hypotheses. At the
experimental design level, the student makes an experimental design in
order to test these hypotheses. To do so, a database of methods (e.g.
isolation, modification, and analytical methods) is available, which
students connect to each other to form a flowchart. The methods contain
questions on the protocol and on the principles behind each method.
These questions have to be answered in order for the student to progress.
During this process, students receive feedback on their experimental
design, and feedback on the answers they have given.
As the VEEs were intended as preparation tools for laboratory classes
(i.e. students will do the experiments in the laboratory classes), we chose
to focus on the pre- and post-experiment phase. The experiment phase
was only included to form the link between the pre- and post-experiment
phase, as it provides students with raw data based on the experimental
design they made.
The post-experiment phase consists of two levels: the data processing
level, and the results interpretation level. At the data processing level,
students process the raw data they obtained in the VEE into results
(mainly by doing calculations), and enter their processed results in the
VEE. During data processing, students can choose to access hints, and to
let the VEE check their intermediate calculations. Finally they will
receive feedback on the entered processed results. At the results inter
pretation level, students have to interpret and integrate the results they
obtained to be able to evaluate the hypotheses they completed in the
pre-experiment phase. In this level, answer-specific feedback will be
provided.

time in which students had to be able to complete a VEE was determined
by the available time slot in the target course. Third, students had to
work individually, to ensure that all students were equally well pre
pared, and because of initial differences in prior knowledge. Fourth, the
VEEs had to be suitable for distance education. Fifth, teachers without
knowledge of programming should be able to maintain and edit the
VEEs.
2.2. Design requirements and design principles
Three design requirements (DRs) and fourteen corresponding design
principles (DPs) have resulted from multiple cycles of the educational
design research approach (Table 2). Initially, as a result of the analysis &
exploration phase, we started off with eleven design requirements [4].
During the educational design research processes of the four VEEs,
renewed insights led to the translation of the initial design requirements
into three design requirements and fourteen corresponding design
principles.
Before we discuss the theoretical and empirical arguments that
support the design principles, and provide detailed information on how
we applied the design principles (Section 2.4), we will first show the
design architecture of the VEEs, to give an overview.
2.3. Design architecture
Within the four VEEs that were all based on the same design prin
ciples (Table 2), we recognized a common design architecture (Fig. 1).
The design architecture was visualized in terms of a pre-experiment
phase, an experiment phase, and a post-experiment phase, including
five corresponding levels and the feedback and support system. Within
the design architecture it is indicated which design principles (DPs) were
applied to the specific parts.
In the pre-experiment phase, we discriminate three levels: the
context level, the research question level, and the experimental design
level. The context level is actually a preparation for the VEE, and was

2.4. Application of the design principles
In this section we discuss the theoretical and empirical arguments
that support the design principles that we used to satisfy the design
requirements (both introduced in Section 2.2), and we explain how
those design principles were applied. For clarification of some expla
nations, we refer to Fig. 2, which is located in Section 2.5.

Table 2
Design requirements (DRs) and corresponding design principles (DPs) for the
design of VEEs that facilitate targeted preparation for university level laboratory
classes, including codes.
Code

Design requirement

Code

Design principle

DR1

The VEE should create a
positive learning experience

DP1
DP2
DP3
DP4

DR2

The VEE should support
students in achieving the
intended learning outcomes

DP5
DP6
DP7
DP8
DP9
DP10

DR3

The VEE should enable
students to complete the
assignment independently

DP11
DP12
DP13
DP14

Provide motivational elements
Break a continuous lesson into
segments
Use multimedia rather than text
alone
Leave out or hide information
that is not required to
successfully complete the
learning task
Provide pre-training in the key
concepts prior to the main
learning activity
Let students design the
experiment themselves
Let students study relevant
methods
Provide students with raw data
Let students process raw data
into results
Let students interpret the results
Provide procedural information
Provide formative feedback
based on student input
Provide access to hints (one by
one) that guide the students’
thinking process
Provide the opportunity for
students to check their
intermediate calculations

2.4.1. Design requirement 1: creating a positive learning experience
Creating a positive learning experience (DR1) is a general design
requirement, and is as such applicable to all kinds of learning materials.
In order to satisfy DR1, we selected four design principles, which are
generally applicable throughout the VEEs.
The first design principle (DP1) advises to provide motivational el
ements. Motivational elements can improve student learning by
fostering cognitive processing aimed at making sense of the material
[40]. The ARCS model of motivation identifies four motivational com
ponents (attention, relevance, confidence, and satisfaction) that should
be considered in order to get and keep students motivated [32]. Moti
vational elements based on the ARCS model result from i) the
user-interface of the platform in which the VEEs were built (Section 2.5),
ii) the use of different types of exercises in the VEE, iii) gradually
building up the difficulty as students progress in the VEE, iv) working on
a relevant topic, and v) communicating the intended learning outcomes
[20].
The second design principle (DP2) advises to break a continuous
lesson into segments. Key in the segmenting principle is that the learner
should be able to control the time that can be spent in each segment
[17]. Empirical research on the segmenting principle is primarily
focussed on videos and narrated animations [41], and concluded that
segmenting a lesson helps students to manage their learning processes,
and will lead to a better performance at transfer tests when compared to
3
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Fig. 1. Design architecture of a virtual experiment environment (VEE), including visualization of the feedback and support system, and relation to design princi
ples (DPs).

a control group [39]. It was found that segmenting is especially useful
when the learner is unfamiliar with the content [7, 17]. We introduced
segmentation by dividing the VEE into a pre-experiment phase, an
experiment phase, and a post-experiment phase, and subsequently
dividing those phases into five levels, as was shown in the design ar
chitecture (Section 2.3). Within one specific method, students gradually
progress through the levels, and will not be granted access to the next
level before they have completed the current level. For example, the
experimental design level and the data processing level are combined in
one screen (Fig. 2e, in Section 2.5) that consists of several tabs: 1.
Background information, 2. Protocol, 3. Results, and 4. Calculations.
Each tab can be opened at any time, but only one tab can be open at any
moment. If a student did not reach the level of a selected tab yet (e.g. a
student wants to do calculations (data processing level) before making
the flowchart to obtain the required raw data (experimental design

level)), it will contain feedback that directs the student to his/her cur
rent level.
The third design principle (DP3) advises to incorporate multimedia
rather than text alone. Multimedia refers to the combination of text and
(dynamic) graphics. Learning materials that use multimedia, on the
condition that the graphics are not solely intended for decoration, keep
students’ attention for a longer time [33], and were found to promote
active and deep learning [17]. The effect extends to transfer tests. Stu
dents who received a multimedia lesson, scored higher on transfer tests
than students who received the same lesson in words alone [39]. We
applied this principle by introducing interpretive graphics to explain the
principles behind the methods that are provided in the database.
Interpretive graphics are visuals that make intangible phenomena
visible and concrete [17]. To support the protocols of the methods,
representational and transformational graphics were used. The
4
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Fig. 2. LabBuddy VEE screenshot of a nearly completed assignment: a) Virtual professor. b) Workflow canvas. c) Methods dashboard. d) Method in flowchart. e)
Content of a method. f) Question in the calculations tab of a method, including feedback on the given answer.

become familiar with the context of the VEE. In this preparative
assignment, students cannot progress to the next question before they
have correctly answered the current question. Feedback is provided to
all possible answers. In VEEs 2, 3, and 4, which were designed for a
different course than VEE 1, students were given a preparative assign
ment to become familiar with the available methods.
The sixth and seventh design principle (DP6 and DP7) advise to let
students design the experiment themselves, and to let students study
relevant methods. These design principles are inherent to the preexperiment phase of the VEE. We applied those principles by giving
students a database of methods that can be added to the workflow
canvas (Fig. 2b), so a flowchart can be made. To study the methods, each
method contains the tabs: 1. Background information, and 2. Protocol
(Fig. 2e), in which information is given and interactive questions have to
be answered. The interactive questions stimulate the student to actively
look for and process the available information.
The eighth design principle (DP8) advises to provide students with
raw data. This design principle is inherent to the experiment phase of the
VEE. Providing students with raw data presented in the same way as in
the laboratory classes, will help students to become familiar with and
recognize the output that corresponds to a method. We did this by
providing links to e.g. Microsoft Excel files containing raw data. The
ninth and tenth design principle (DP9 and DP10) advise to let students
process raw data into results, and to interpret the results. These design
principles are inherent to the post-experiment phase of the VEE. Pro
cessing the raw data into results often involves doing calculations in
Microsoft Excel, after which the results of those calculations have to be
entered into the VEE. The feedback and support system will be discussed
in the following section. Ultimately, students have to integrate and
interpret the results, and accept or reject their hypotheses.

representational graphics visualize the apparatus and materials used in
the lab, and transformational graphics visualize complex protocols, by
means of short clips. Making an experimental design in the form of a
flowchart (Fig. 2) naturally involves multimedia. The flowchart helps
students to create an overview of how all methods are interconnected.
The fourth design principle (DP4) advises to leave out or hide in
formation that is not required to successfully complete the learning task.
“Learning is improved when interesting but irrelevant words and pic
tures are excluded” ([39], p. 89). Many words and graphics in the VEEs
have been dedicated to elaboration of the principles behind methods.
Part of this information is considered to be either prior knowledge, or
irrelevant to complete the learning task (and achieve the intended
learning outcomes). The coherence principle states that adding extra
material can hurt learning, because when learners use their limited
processing capacity on extraneous material, less capacity is available for
making sense of the essential content [17]. Following the coherence
principle, elaboration should be left out. However, since the VEEs are
targeted for university level education, we deem it important that stu
dents have easy access to potentially relevant and extensive background
information. Therefore we made this information accessible through
links labelled ‘Click here for more information’.
2.4.2. Design requirement 2: achieving the intended learning outcomes
Supporting students in achieving the intended learning outcomes
(DR2) starts with communicating the learning outcomes to students, so
that they know what they are supposed to learn from the VEE. This also
points out the relevance of the learning material. Furthermore, the VEE
should consist of activities (e.g. doing calculations, making choices) that
support students in achieving the intended learning outcomes. In order
to satisfy DR2, we selected the following six VEE-related design
principles.
The fifth design principle (DP5) advises to provide pre-training in the
concepts required to understand the context of the learning material
prior to the main learning activity. Pre-training in the key concepts prior
to exposing students to the main learning materials has a positive effect
on learning in a variety of multimedia learning contexts [17, 39, 41].
The approach we took varied for the four VEEs presented in this paper.
For more contextual information about the VEEs, we refer to Section 3.
In VEE 1, students were given a preparative assignment consisting of 17
exercises (different types of closed questions) that helped students

2.4.3. Design requirement 3: enable students to complete the assignment
independently
To enable students to complete the assignment in a VEE indepen
dently (DR3), they should be provided with support, such as feedback
and hints that would otherwise be provided by a teacher. In order to
satisfy DR3, we selected design principles 11, 12, 13, and 14, which
together form the feedback and support system that was developed for
the VEEs.
The eleventh design principle (DP11) advises to provide procedural
5
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information. To provide procedural information, “the system acts as an
assistant looking over the learner’s shoulder and presents procedural
information precisely when a learner needs it” ([54], p. 29). We used a
system that generates blinking red circles, which guide students i) to
wards locations in the VEEs where questions still need to be answered, or
ii) towards locations where feedback is given on how they can progress
within the VEE. Since the system is aware of students’ actions and their
progress, it provides just-in-time information that guides students
through the VEEs step-by-step.
The twelfth design principle (DP12) advises to provide formative
feedback based on student input. “Providing feedback is an ongoing
process in which teachers communicate information to students that
helps them better understand what they are to learn, what high-quality
performance looks like, and what changes are necessary to improve their
learning” ([19], p. 3), and is amongst the most powerful influences on
learning [27, 28, 43, 52]. A subcategory of feedback is formative feed
back, which is defined as “information communicated to the learner that
is intended to modify his or her thinking or behaviour to improve
learning” ([48], p. 153), and is argued to be the most effective form of
giving feedback [27]. We incorporated formative feedback in three
ways. First, a virtual professor was introduced, who can be consulted at
any time. For each research question that the students have to answer,
the virtual professor indicates whether the experimental design is
complete to be able to answer that specific research question. Second,
feedback is provided to each answer option in the questions that stu
dents have to answer about the methods. This feedback will tell the
learner whether the given answer is correct, including an explanation
and/or hint. Third, in calculation questions where multiple answers
have to be given, feedback in the form of a green checkmark or a red
cross next to the given answer will indicate which answers are correct or
incorrect, respectively (e.g. Fig. 2f). We made sure that any feedback
was positioned on the screen so that learners can see the question, their
answer to the question, and the feedback at the same time, to minimize
split attention [17].
The thirteenth design principle (DP13) advises to provide access to
hints (one by one) that guide the students’ thinking process. This is
different from providing formative feedback (DP12), since students can
choose to access the hints at any time. In other words, students do not
need to make a mistake or fill in random values to trigger support. In the
case of a multi-step calculation, a link containing a hint was added. Each
hint ends with another link to the next hint (if available). This way,
students can choose to use part of the support without the complete
procedure being given away in one click.
The fourteenth design principle (DP14), which is only applicable in
case of multi-step calculations, advises to provide students with the
opportunity to check their intermediate calculations. This will
encourage students to locate and improve upon mistakes they might
make while doing calculations, without needing the help of a teacher.
We did this by adding a link that leads to a table in which one or more
intermediate values can be entered. For each intermediate value the
student enters, we introduced a green checkmark or a red cross that
appears next to the given answer (Fig. 2f). In case students cannot find
the correct value by themselves (i.e. they are stuck), they can choose to
open a link with the correct value. This link will only appear when
students entered an incorrect value for an intermediate calculation. We
deliberately chose to provide correct intermediate values only after an
incorrect intermediate value was entered by the student, to discourage
gaming the system behaviour that was observed during formative
evaluations ([5]a). In VEE 1, in the situation that students correctly
entered all intermediate calculations belonging to a question, but could
still not come up with the final answer, they were given the possibility to
access a pdf file with the complete calculation. This pdf file was also
provided upon successfully completing any calculation.

2.5. The VEEs
The VEEs were built in a platform called LabBuddy (Kryt b.v.,
Wageningen, the Netherlands). The LabBuddy platform was chosen
because i) it is based on educational design research [53], ii) it is a
web-based environment (design constraint 4), iii) knowledge of pro
gramming is not required to build, maintain, or edit a VEE (design
constraint 5), iv) the platform allows for instant editing, and v) it has
been used for more than a decade satisfactorily by our teachers and
students. LabBuddy consists of an experiment designer and a lab manual
both dedicated to educational purposes [53]. The system was extended
with simulation functionalities in the process of designing the VEEs. The
degree of immersion in the LabBuddy VEEs is low, as users engage in a
2D environment. Fig. 2 shows the interface of the LabBuddy VEEs.
Students start the assignment at the virtual professor (Fig. 2a), where
they obtain research questions and have to complete partially defined
hypotheses. The VEE initially contains an empty workflow canvas
(Fig. 2b shows a completed experimental design). The student has to
design a suitable workflow by dragging methods onto it from the
methods dashboard (Fig. 2c and d) and making connections. When
clicked on a method, its content pane will open and display four tabs,
which can be expanded one at the time: 1. Background information, 2.
Protocol, 3. Results, and 4. Calculations (Fig. 2e). Once all questions in
the background information tab and protocol tab of a method are
correctly answered, students can progress to the results tab to receive
raw data, which can subsequently be processed into results in the cal
culations tab (Fig. 2f). Finally, students return to the virtual professor in
order to interpret the results. For a more detailed visualization of the
VEEs, a presentation of all possible user interactions, and a detailed
explanation on the feedback and support system, we refer to the publi
cation by [6].
3. Evaluation of virtual experiment environments
The design & construction phase resulted in four VEEs that were
implemented in their target courses. Each VEE has been evaluated in
terms of the design requirements (Section 2.2).
First, we want to provide an overview of differences between the
VEEs in terms of their characteristics (Table 3). These characteristics
give insight in the similarities and differences between the four VEEs,
and help to interpret the evaluation results. For example, the size and
complexity of VEE 1 is much higher when compared to VEEs 2, 3, and 4,
as it provides many more data points (in the form of raw data, obtained
in the ‘3. Results’ section of a method), requires students to give more
answers, provides more hints, and has a much higher number of
checkable intermediate values. Furthermore, in VEE 3, students could
not check intermediate values, as it contained only one-step calcula
tions, and VEE 4 provides double the number of hints compared to VEEs
2 and 3, which reflects that students have to do more complicated
calculations.

Table 3
Characteristics of the evaluated VEEs.
General topic
Average time needed to
complete (hours)
Number of available
chemical methods
Number of data points
provided
Number of answers to be
given
Number of available hints
Number of checkable
intermediate values

6

VEE 1

VEE 2

VEE 3

VEE 4

Enzymology
7.5

Carbohydrates
1.5

Lipids
1.5

Proteins
2

14

10

7

10

310

57

40

88

240

71

53

61

31
100

10
12

12
0

22
5
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3.1. Participants

Table 5
Student activities related to the evaluation of VEE 1 (A1 – A6), VEE 1 online (A2
– A4), and VEEs 2, 3, and 4 (B1 – B4), with corresponding measurements, timing,
and time indication.

Participant information of all evaluations is shown in Table 4.
VEE 1 was evaluated as part of the master level course Enzymology
for Food and Biorefinery (168 study hours). We were provided with the
unforeseen opportunity to evaluate VEE 1 in the situation where the
whole course was taught online. Therefore, we included an extra eval
uation: VEE 1 online. All students had previously obtained a bachelor
degree in natural sciences: 49% from the Netherlands, and 51% from a
university outside the Netherlands. All students were enroled in a master
study programme, being Food technology (80% of the students in VEE 1,
and 64% of the students in VEE 1 online), Biotechnology (19% and 28%
of the students), or other (1% and 8% of the students). Each master study
programme is subdivided in several specializations. The prior knowl
edge of students was diverse because of the aforementioned differences
in prior education, master study programme, and specialization.
VEEs 2, 3, and 4 were evaluated as part of the bachelor level course
Food Chemistry (168 study hours). All students had previously obtained
a high school (or similar) degree: 86% in the Netherlands, and 14%
outside the Netherlands. The participants of the evaluations of VEEs 2, 3,
and 4 formed a more homogeneous group than the participants of the
evaluations of VEE 1, since there is a big overlap in the curricula of the
bachelor Food Technology (63 – 68% of the students participating in
VEEs 2, 3, or 4) and the bachelor Biotechnology (8 – 15% of the stu
dents) up to the point where this course is taught. Students that were
part of an ‘other’ study programme (18 – 29% of the students) include a
wide range of students (exchange students, master level students, or
students with a second major), whose prior knowledge was known to a
limited degree. Each VEE prepares students for one of the three main
topics of the laboratory classes. Students were assigned to the VEE
corresponding to their lab class topic.

Code

Student activity

Measurement

Day*

Duration

A1

Pre-knowledge test

1

30 min

A2

Preparative
assignment
VEE
Questionnaire

Content-specific prior
knowledge
N/A

1

1h

Student behaviour**
Evaluation of design
requirements
Content-specific
knowledge
N/A

1–3
2 or 3

7.5 h
5 min

8

30 min

8–12,
15–19
1

27 h

2
2

1.5–2 h
5 min

5–9,
12–15

20–36 h

A3
A4
A5
A6
B1

Post-knowledge
test
Laboratory classes

B2
B3

Preparative
assignment
VEE
Questionnaire

B4

Laboratory classes

N/A
Student behaviour**
Evaluation of design
requirements
N/A

3h

* Running days relative to the start of the experiment. There were no course
activities in between the VEE and the post-knowledge test in the evaluation of
VEE 1.
** This has been elaborated in a publication by [5].

rewarded with one point, yielding a possible range of scores for students
between zero and 13 points. The assessment of the pre-knowledge test
was done by a domain-related expert, who used a detailed key including
how many points should be awarded for specific answers. A randomly
selected sample (N = 10) was checked by another domain-related expert
to make sure that the assessment was accurate and reproducible. The
scoring by both experts was identical. Most of the students (N = 77)
completed the pre-knowledge test, while four students were absent that
day. The scores of this test were used as a measurement of their
content-specific prior knowledge.
After the pre-knowledge test, students started working on the prep
aration questions (A2), and consequently on the VEE (A3). Students
worked in the VEE for an average of 7.5 h. Computer rooms were
available and three carefully instructed supervisors were present to
answer questions of students. Upon completion of the VEE, students
were asked to fill in a questionnaire (see Appendix 1) that included
questions and statements for evaluation of the design requirements (A4).
All questions had clearly defined answer options, based on Thalheimer
[49], in order to rule out interpretation of answer options. They were
fully written out, and coded as follows: A = (Almost) never, B = Less
than half of the time, C = Half of the time, D = Most of the time, E = All
the time, and, if applicable, F = I did not use this option. When using
questions in the questionnaire would result in odd answer options (e.g. I
learned a lot from the VEE half of the time), we replaced the question
with a statement. All statements were provided with a 5-point Likert

3.2. Procedure
All student activities related to the evaluation of the four VEEs are
shown in Table 5. The activities coded A1 – A6 correspond to the
evaluation of VEE 1, the activities coded A2 – A4 correspond to the
evaluation of VEE 1 online, and the activities coded B1 – B4 correspond
to the evaluation of VEEs 2, 3, and 4. All VEEs were scheduled on the day
(s) prior to the start of the laboratory classes as a compulsory activity.
Students voluntarily completed the questionnaires (A4 and B3) and the
pre- and post-knowledge tests (A1 and A5), while they were aware that
the anonymized results could be used for course innovations.
3.2.1. Evaluation procedure of VEE 1
To measure students’ achievement of the intended learning out
comes of VEE 1, we used the same method as described by ([5]a). Stu
dents were given 30 min to complete a pre-knowledge test (A1) on
paper. The pre-knowledge test consisted of 13 open questions, covering
learning outcomes of the VEE. Each correctly answered question was
Table 4
Participant information of all VEE evaluations.
Course level
Number of students
Age
Gender
Nationalities
Study programme*

VEE 1

VEE 1 online

VEE 2

VEE 3

VEE 4

master
81
22.9 (SD = 1.9)
female: 64%
male: 36%
Dutch: 52%
Chinese: 21%
Other: 27%
MFT: 80%
MBT: 19%
Other: 1%

master
65
23.0 (SD = 2.0)
female: 46%
male: 54%
Dutch: 48%
Chinese: 17%
Other: 35%
MFT: 64%
MBT: 28%
Other: 8%

bachelor
81
19.9 (SD = 1.1)
female: 67%
male: 33%
Dutch: 75%
Singaporean: 12%
Other: 13%
BFT: 68%
BBT: 12%
Other: 20%

bachelor
76
20.2 (SD = 1.7)
female: 49%
male: 51%
Dutch: 82%
Singaporean: 11%
Other: 7%
BFT: 67%
BBT: 15%
Other: 18%

bachelor
75
20.7 (SD = 3.1)
female: 61%
male: 39%
Dutch: 76%
Singaporean: 13%
Other: 11%
BFT: 63%
BBT: 8%
Other: 29%

* MFT = master Food Technology; MBT = master Biotechnology; BFT = bachelor Food Technology; BBT = bachelor Biotechnology.
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scale (1 = disagree, to 5 = agree).
Just before the start of the laboratory classes, a post-knowledge test
was conducted (A5) to determine the learning outcomes of the VEE. This
test was identical to the pre-knowledge test. The scores were used as a
measure of the content-specific knowledge the students (N = 79) had at
the start of the laboratory class. There were no other course activities in
between the pre- and post-knowledge test, other than the virtual ex
periments in the VEE. Students were not aware that a post-knowledge
test would follow, to prevent targeted studying for it. The validity of
these knowledge tests was confirmed by three subject matter experts,
including the main teacher of the course.

Table A.1
Design requirements (DRs) with corresponding questions (Q) and statements (S)
used in the questionnaire.
DR1
Q1
Q2
Q3
Q4
Q5
Q6
S7
DR2
Q8
Q9

3.2.2. Evaluation procedure of VEE 1 online
The evaluation procedure of VEE 1 online was to a large extent
determined by unforeseen circumstances, due to which the whole course
was taught online. Given the time limitation, we were unable to conduct
the pre- and post-knowledge tests in such a way that we could reliably
compare the scores to the scores found in the evaluation of VEE 1.
Nevertheless, we were able to provide students with the questionnaire
(see Appendix 1) to evaluate the design requirements (Table 5, A4).
Furthermore, this situation provided us with the ultimate opportunity to
test whether students would be able to complete the assignment in the
VEE independently (DR3) when supervisors and students are not togher
while working in the VEE.

S10
S11
DR3
Q12
Q13
Q14
Q15
Q16
Q17
S18

The VEE should create a positive learning experience
Did the VEE capture your attention?
Did you feel confident while working in the VEE?
How clear was the content of the VEE?
Indicate for each part of the VEE to what degree you felt challenged.
Indicate for each part of the VEE how useful you think it is.
Indicate for each part of the VEE how much you enjoyed it.
The VEE is user-friendly.
The VEE should support students in achieving the intended learning outcomes
To what degree did the VEE help you to understand the experiments?
To what degree are you confident that you can successfully process
experimental data that you will obtain in the lab class?
I learned a lot from the VEE.
I think I am well-prepared for the lab class now that I finished the VEE.
The VEE should enable students to complete the assignment independently
Is the amount of feedback/support given within the VEE sufficient to
complete the VEE without help from supervisors or other students?
How able were you to process the data of the experiments in the VEE without
help of supervisors or other students?
How useful were the hints provided with the calculation questions?
How useful was the option to check your intermediate calculations?
Did you consult other students while working in the VEE?
How often did you check the pdf with calculations that you received after
successfully completing a calculation?*
The pdf with calculations that I received after successfully completing a
calculation was useful.*

* These questions only apply to the evaluation of VEE 1 and VEE 1 online.

3.3. Evaluation: were the design requirements satisfied?

when applied in different contexts.
In terms of DR1 (the VEE should create a positive learning experi
ence), we found that all four VEEs were capable of capturing the stu
dents’ attention (question 1). What stands out is that students felt less
confident (question 2) while working in VEE 4, especially compared to
VEEs 2 and 3. During supervision it became clear that students experi
enced VEE 4 as difficult, which is also reflected in the VEE’s charac
teristics, as students were provided with more data points and double
the amount of hints compared to VEEs 2 and 3. Ninety percent of the

This section will focus on the results of the questionnaires (Table 5,
A4 and B3) that were used to evaluate whether the design requirements
were satisfied. The questionnaire results of all four VEEs are presented in
Table 6.
When comparing the questionnaire results of the four VEEs, we
observed a high degree of similarity between the answers given to the
same questions. This suggests that using the same design architecture
based on the same design requirements and design principles (Sections
2.2 – 2.4) creates similar student experiences and student appreciation

Table 6
Questionnaire results of VEEs 1 – 4. The results are shown per VEE and per evaluation question (questionnaire in Appendix). The values represent the percentage of
students who selected the corresponding answer option. Shading was used to visualize the distribution of the results. The answer options to all questions were coded as
follows: A = (Almost) never, B = Less than half of the time, C = Half of the time, D = Most of the time, E = All the time, and, if applicable, F = I did not use this option.
All statements were provided with a 5-point Likert scale (1 = disagree, to 5 = agree).

8

S. Verstege et al.

Computers and Education Open 2 (2021) 100039

students reported that most or all of the content of the VEEs was clear
(question 3). The information obtained through questions 4.1 – 6.3 is
highly valuable during formative evaluations in the design & construc
tion phase, as it may direct the fine-tuning of the VEEs. For example, in
questions 4.1 – 4.3, we see that the degree to which students are chal
lenged by the different parts of the VEEs varies from being challenged all
the time, to being challenged (almost) never. The VEEs were not
intended to be highly challenging, as part of the content should be prior
knowledge. However, we found big differences in student scores at the
pre-knowledge test in the evaluation of VEE 1. These differences can be
explained by the heterogeneity of the group of participants, and this
might cause the differences in reported challenge. Despite the differ
ences in reported challenge, almost all students experienced the VEEs as
useful (question 5). The user-friendliness (statement 7) scored an
average of 4.4 out of 5 over the four VEEs. Based on these results, we
concluded that the VEEs create a positive learning experience, and that
the VEEs satisfied DR1.
In terms of DR2 (the VEE should support students in achieving the
intended learning outcomes), for all four VEEs, 83% of the students
indicated that the VEE helped them to understand most or all of the
experiments (question 8), and 85% of the students indicated that they
are confident that they can successfully process most or all of the data
they will obtain during the laboratory classes (question 9). Students had
the feeling they learned a lot (statement 10) and that they were well
prepared for the laboratory classes (statement 11) with average scores of
4.2 and 4.0 respectively. For VEE 1, a paired-samples t-test was con
ducted to compare the scores of the pre- and post-knowledge tests. In
line with the questionnaire results, there was a significant difference in
the scores of the pre-knowledge test (M = 5.2, SD = 2.7) and the postknowledge test (M = 8.5, SD = 2.0); t(75) = 11.5, p < 0.001. These
results indicate that the VEE helped students to prepare for laboratory
education, increasing the average score on the knowledge tests from 5.2
to 8.5 points out of 13, which would likely have contributed to their
knowledge construction during the laboratory class [31]. It is worth
noting that the knowledge tests focused on procedural knowledge solely,
as this was the most important learning outcome of the VEE. We did not
test all learning outcomes, so as a result we might have underestimated
the learning effect of the VEE. Based on these results, we concluded that
the VEEs support students in achieving the intended learning outcomes,
and that the VEEs satisfied DR2.
In terms of DR3 (the VEE should enable students to complete the
assignment independently), 85% of the students indicated that there
was sufficient support to complete the VEE all the time or most of the
time (question 12), and 87% of the students indicated that they were
able to process most or all of the data of the virtual experiments by
themselves (question 13). However, for VEE 4, the scores of questions 12
and 13 were slightly lower. We established that VEE 4 is slightly more
difficult, and that we included more feedback and support for this VEE to
compensate for the higher difficulty. The available hints were used by
97% of the students, and of those students, 86% found most or all of the
hints useful (question 14). The option to check intermediate calculations
was used by 90% of the students, and of those students, 78% found this
option useful most or all of the time (question 15). From these results it
was clear that the majority of the students used the support and found it
useful. The majority of the students did not consult other students while
working in the VEE (question 16). This indicates that students were able
to complete the assignment in the VEE independently, hence supporting
DR3. When comparing VEE 1 online with VEE 1, we found similar results
in terms of consulting other students. This suggests that when students
are in need of help, they will get into contact with peers, regardless of
their working environment. Overall, we concluded that the VEEs
enabled students to complete the assignment independently, and that
the VEEs satisfied DR3.
When comparing the evaluation results of VEE 1 and VEE 1 online,
we found a high degree of similarity. There were a few minor differ
ences, such as that students felt slightly less confident, found the content

a little less clear, found the interface slightly less user-friendly, and
experienced a little less support in VEE 1 online. We think that these
minor differences may be caused by the absence of supervisors and
fellow students in the same room. Although a similar number of students
indicated that they consulted other students while working in VEE 1
online, and supervisors could be consulted online, students were less
likely to have a look at the screens of others, and the supervisors
received only few questions.
4. Limitations
In this research, we used an educational design research approach to
design four VEEs. These four VEEs were the context in our search for
general design requirements, design principles, and a design architec
ture that can be used as a blueprint to design VEEs. These general output
classes are well-grounded, based on literature, practical experience, and
evaluations. However, we acknowledge that there are some limitations
to this study.
First, we have not measured the effect of the better student prepa
ration as a result of the VEEs during the actual laboratory classes. The
measurement of this effect falls outside the scope of this study, as to our
best knowledge, there is no simple or fast method to do so. For the
moment, it is our conviction that a good preparation increases the po
tential for students to learn during laboratory classes [31].
Second, we have not been able to reliably quantify the learning effect
of VEEs 2, 3, and 4. In the initial evaluation procedure, pre- and postknowledge tests were included, but we found that many bachelor level
students (as opposed to the master level students) were unwilling to
voluntarily and seriously complete the pre- and post-knowledge test.
Based on this behaviour, we judged the outcomes of these tests as un
reliable. As a result, our conclusions regarding DR2 (achievement of
intended learning outcomes) for VEEs 2, 3, and 4 were based on selfreported data.
Third, other than the pre- and post-knowledge tests used in the
context of VEE 1, self-reported data was used to learn about student
behaviour and their experiences in the VEEs. The disadvantage of selfreported data is that the assumption has to be made that students are
capable of reflecting on their own behaviour, are willing to answer the
questions honestly, and that all students have the same interpretation of
the questions. To obtain more objective results, we are currently
investigating the opportunity of educational data mining. Educational
data mining uses logging data of students’ interaction with an online
environment, and is commonly used to detect patterns of student
behaviour in an online environment, and to evaluate the relation be
tween these patterns and students’ learning outcomes [1]. As such,
educational data mining may provide insight in which features of a VEE
contribute to learning, and which features are detrimental to learning
[1, 30].
The VEEs in this study were designed for university level courses in
the fields of food chemistry and food enzymology. In the evaluation we
have shown that the VEEs were successful, as they satisfied the design
requirements. However, we have not yet proven that our general output
classes (i.e. design requirements, design principles, design architecture)
will function in other levels and other fields of education. In terms of
education level, we believe that extensive laboratory education is
required in order to reach the full potential of VEEs. As extensive lab
oratory education is uncommon to primary and secondary education,
the potential of VEEs will be highest for tertiary education, regardless of
the level. In terms of fields of education, we believe that the general
output classes will be applicable to courses in any field, as long as the
course includes laboratory education.
5. Conclusions
The goal of this study was to provide general design requirements,
design principles, and a design architecture that can be used as a
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blueprint to design VEEs. In order to do so, we followed an educational
design research approach to design four VEEs, which were evaluated
multiple times in real educational contexts. After the summative eval
uation of each VEE, we finetuned the design requirements (research
question 1) and corresponding design principles (research question 2),
which have evolved throughout the multiple cycles of the educational
design research approach, and we visualized a common design archi
tecture (research question 3) based on the design principles.
We established three general design requirements that are applicable
for VEEs: the VEE should i) create a positive learning experience, ii)
support students in achieving the intended learning outcomes, and iii)
enable students to complete the assignment independently. We
concluded that these design requirements are general, and as such
applicable to any NTL. Based on summative evaluations, we concluded
that the design requirements were satisfied by each VEE. In order to
satisfy these design requirements, we used fourteen design principles
that were based on theoretical arguments, empirical arguments, and/or
(formative) evaluations. Besides formulating these design principles, we
also provide detailed information on how we applied those principles, so
that their practical relevance is clear, and so that they can easily be
adopted by teachers and instructional designers in the process of
designing VEEs. Once we completed multiple cycles of the educational
design research approach, we were able to extract a common design
architecture from the four VEEs, which includes three phases (preexperiment phase, experiment phase, and post-experiment phase), five
levels (context level, research question level, experimental design level,
data processing level, and results interpretation level), and the feedback
and support system.
In our study, we combined literature on how to set up educational
design research with literature that provides guidelines for designing
instruction, in order to gain and report practical experience regarding
the design of VEEs. The blueprint that resulted from these efforts does
not only provide general design guidelines, design principles, and a
design architecture, but it also includes detailed information on how
they can be applied. Such information in the context of VEEs is new to
literature, and has the potential to help teachers and instructional de
signers to design high quality VEEs.
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