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Creativity is key in the early phases of innovation processes. With the rapid

evolution of technologies, designers now have access to various tools to

support this activity. Virtual reality (VR) takes over multiple domains,

especially during conception. However, is VR really facilitating creativity in

the initial ideation phases? We compare two sketching modalities through

dedicated creativity support tools (CSTs): one in VR and one on a 2D

interactive whiteboard. We propose a two-part creativity task (divergent and

convergent thinking) for two groups of 30 participants each. We record user

experience, creative experience, and creative performance. Our results show

that VR is more stimulating, attractive, and engaging. We also observe a better

level of creativity for the participants using the VR CST. Our results indicate that

VR is an effective and relevant tool to boost creativity and that this effect might

carry over to following creative tasks.
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1 Introduction

The ability to innovate is crucial for a company’s development and need to stay

competitive. The user-centered design cycle is one of the ways to proceed through

innovation. It is defined as a four-phase cycle: understand, design, prototype, and evaluate

(Wilson, 1999; Hartson and Pyla, 2012). We are especially interested in the design phase,

which encompasses the ideation parts of the design cycle and relies on the activities of

creativity. Creativity is generally defined as the ability to propose new concepts adapted to

the context in which they are developed (Lubart et al., 2015).

Guilford (1967) theorized the construct of creativity into two measurable cognitive

ingredients that everyone experiences daily: divergent and convergent thinking. Divergent

thinking is a style of thinking that allows idea generation in a context where the selection

criteria are relatively vague andmore than one solution is correct. It involves the flexibility
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of the mind. In contrast, convergent thinking represents a style of

thinking that allows finding single solutions to a well-defined

problem, which requires more persistence and focus. A typical

design process goes through three phases:

• Conceptual: an exploration of ideas without constraints

(divergent thinking). The ideas are generally simple and

not really detailed;

• Embodiment: an investigation of the ideas to make them

realistic and a study of the intricacies and modalities

(convergent thinking);

• Detail: formalization and finalization of the concept.

In this study, we want to focus particularly on the first two

phases.

Sketching during the design phase allows for creation of user

experiences and rapid proposing, elaborating, and testing many

different ideas (Buxton, 2007). It is an effective technique to

support ideation across various industries (Gallagher, 2017). The

pragmatic characteristics of the tools used for sketching, and

their impact in terms of user experience, are important factors in

the creative performance of individuals (Fleury et al., 2021b). For

example, movement affects fluency and novelty, whereas

emotions affect flexibility and originality. The rapid evolution

and accessibility of technology have enabled the diversification of

sketching tools. It is necessary to evaluate the different

opportunities offered by such tools to improve the innovation

process.

A considerable amount of research has been done on 2D

sketching tools, and, recently, the focus has shifted toward more

3D and ubiquitous solutions: From using immersive virtual

reality (VR) combined with constrained instruction to

improve precision (Arora et al., 2017), turning 2D sketches

into 3D complex and linked shapes (Lee et al., 2020),

designing with AI powered robots aid (Lin et al., 2020), all

the way to designing entire interactive spaces in VR (Jetter

et al., 2020). If each tool (2D or 3D) seems to have its own

advantages and drawbacks, it is unclear which one is the best

depending on the task performed and why.

The present study aims to compare, in terms of creative

output and user experience, two idiomatic concepts of sketching

for creativity: a 3D modality with an immersive VR sketching

tool and a 2D modality with an interactive whiteboard. Both

creativity support tools (CSTs) offer mostly the same interactions

(free drawing, rich color palette, erasing, etc.). The experiment is

composed of two successive creative thinking tasks: one

divergent thinking task based on the Alternative Uses Test

(AUT) proposed by Guilford (1967) with a bike’s crankset,

followed by a convergent thinking task (refining and studying

an established concept). These two phases are the basis of most

creative methods [brainstorming, double diamond, and design

thinking (UK Design Council, 2005)]. We recruited

60 participants divided into two different groups, each group

performing on one modality (2D or VR). The novelty of this

work resides in the comparison between two radically different

CSTs over two naturally successive phases of creativity and the

highlight of the link between user experience, creative experience,

and creative output. This comparison is done with a creativity

scoring system inspired by previous literature on sketching tasks.

We share the methodology we used to design our scoring system.

2 Related work

2.1 Creativity tasks and measurement

Guilford (1967) developed the Alternative Uses Test (AUT),

which is a method used to measure divergent thinking.

Participants are presented with a particular object, such as a

brick, and they must generate as many different uses for this

object as possible. Four indicators are used to evaluate the AUT

performance: fluency (the total number of ideas generated);

flexibility (the number of categories or themes used by the

participants); elaboration (the amount of detail provided); and

originality (the extent to which responses are unique compared

to the rest of the sample, or population). If the AUT is generally

done orally, other evaluation methods will be developed for

sketching creativity. Marsh et al. (1996) and Kulkarni et al.

(2014) explored the effect of example exposure on creativity

in a sketching task. The participants have to draw aliens they

would encounter on a foreign planet. The different features

present in the sketches are labeled to measure the level of

divergent thinking of their participants. They then measure an

average of the number of critical, common, uncommon, and

novel features per drawing. This method shows similarities with

the indicators defined by Guilford.

Since then, multiple methods have been developed to

measure creative thinking, whether divergent or convergent.

For example, the Torrance Tests of Creative Thinking

(Torrance, 1974) consist of two divergent thinking tasks: the

unusual uses task and the consequences task. We can also cite the

realistic presented problem (RPP) (Okuda et al., 1991), during

which the participant has to solve a real problem with creative

ideas and the association-chain task (Benedek et al., 2012)

designed to assess associative flexibility. Kelley and Kelley

(2013) developed a sketching divergent thinking test where

the participants are shown a picture of 30 blank circles. They

have 3 min to transform as many circles as possible into different

concepts or objects.

Regarding convergent thinking, MacGregor and

Cunningham (2009) proposed a large set of rebus puzzles

based on verbal or visual cues hidden within a presented

material. Another famous convergent thinking test is the

Remote Associate Test (RAT), developed by Taft and Rossiter

(1966). This test consists of a series of three common stimulus

words that appear to be unrelated. The person being tested must
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think of a fourth word that is somehow related to each of the first

three words. Scores are calculated based on the number of correct

questions.

If the possibility to measure creative performance has been

demonstrated, Cherry and Latulipe (2014) developed a model to

quantify the impact on creativity provided by digital tools,

indicating the importance of personal experience during a

creative activity. They create the Creativity Support Index

(CSI), a questionnaire comprising six dimensions: results

worth effort, exploration, collaboration, immersion,

expressiveness, and enjoyment.

2.2 Virtual reality for creativity

With the advance of technology, sketching is no longer a

pen-and-paper activity; it can be supported by computer tools.

Tool comparisons for drawing have been the subject of much

research in recent years. In their literature review based on

143 articles, Frich et al. (2019) showed an increasing diversity

of the CST and a tendency toward developing simpler tools for

casual users. From their review, only 4% of articles (six

publications) contained highly complex CSTs, such as tele-

immersive devices.

In Feeman et al.’s (2018) study, participants were asked to

design a chair, either in VR or with computer-based CAD

software with a keyboard and mouse. In computer conditions,

the modeled chairs are very simple. Most of them resemble a

minimalist representation of a chair: four legs and a straight

backrest. It seems that the participants considered that the task

was finished as soon as their model resembled a chair because

they were faced with an unsatisfactory use of the tool. In

comparison, the chairs modeled in the condition of “virtual

reality” are more original and more complex. The authors

hypothesized that this was caused by the participants being

more engaged in the task. Even when the models looked like

a chair, they continued to add additional elements.

VR enables specific levers to be activated to promote

creativity. For instance, users can be immersed in a natural

virtual environment, which is beneficial to their creativity

because of the attention restoration effect (Fleury et al.,

2021a). It is also possible to increase users’ creativity by using

visual movements, giving them the impression that they are

moving (Fleury et al., 2020; Fillingim et al., 2021). Jetter et al.

(2020) explained that VR supports sketching user experiences,

which are crucial in the early phases (Buxton, 2007). In their

Jetter et al. 2020 study, they explored how professional designers

experience sketching and simulate complete spatially aware

interactive spaces in VR. They discussed the different benefits

and limitations of their approach. With a user study, they

highlighted that the experience of space (participants on their

toes or even jumping to reach higher) and playful design

explorations are key aspects. Their results are in accordance

with the work of Buxton (2007), who stated that stories,

storytelling, and play are critical parts of the design.

Furthermore, Hu et al. (2021) explained that creativity is

often limited by our ownmental barriers. They argued that mixed

reality (XR) platforms (from augmented reality to VR) help

remove those barriers and promote creativity. They explained

that the rich and multi-sensory stimuli, embodied cognition, and

3D spatial cognition provided by XR technologies can extend

people’s vision and idea-generation capabilities.

2.3 Three-dimensional immersive
sketching versus two-dimensional
sketching

In the study by Calderon-Hernandez et al. (2019),

participants were asked to perform operations that required

viewing models in 2D drawing or immersive 3D modeling in

VR. The results indicated that the VR version allowed for more

accuracy in the activity and the perception of the models and

better memorization of the visualized models. Yang et al. (2018)

performed an experiment in which the participants were asked to

sketch a technological object with the properties of a smartphone

that is wearable and not a connected watch. Half of the

participants performed this ideation task in an immersive 3D

sketching environment; the other half did it on paper. The results

revealed that the participants were more creative in the VR

condition than with paper. The authors interpreted this result

as a consequence of VR being more conducive to inducing a state

of flow to the participants (Csikszentmihalyi, 1975), and flow is

conducive to creativity (Yang et al., 2018). Yang and Lee (2020)

performed an experiment that identified the cognitive impact of

sketching in VR compared to paper and pencil. According to the

authors, sketching in VR stimulates visual-spatial cognition that

transforms and reconstructs initial ideas to generate new

concepts.

Lee et al. (2021) compared a VR sketching tool to 2D

sketching but with a 2D electronic sketching tool with a

digital pen on a tablet. The participants were 10 fashion

designers who were asked to draw a woman’s dress in 20 s

and another one in 30 s with a VR 3D sketching tool or tablet

and digital pen. Creativity performance was superior with the VR

tool. According to the authors, changing the point of view in VR

led the participants to evaluate their initial idea and changed their

minds. With the tablet, designers tended to iterate to elaborate

their initial ideas rather than generating new ones. Changing the

point of view by moving around the object to observe it in a

general or specific way is considered a key behavior of design in

VR named “spatial inspection.” The users performed spatial

inspections very frequently during the sketching process. VR

facilitates spatial inspections, which should be a major reason for

the improved performance because it benefits a more holistic

approach (Drey et al., 2020).
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Most of the studies we presented seem to highlight the

interest in VR CSTs as ways to improve creativity. However,

there is limited information as to why it may be a better solution.

Moreover, very few studies utilized a classical sequence of

creativity (divergence and then convergence) as described, for

example, in the double diamond protocol (UK Design Council,

2005). In our study, we want to explore the relationships between

creative performance and participants’ perceived experience to

understand howVRmight be a superior tool. We want to find the

main differences between two CSTs, one in 3D and one in 2D,

and the consequences these differences can have on creative

performance.

3 Hypotheses

Several studies revealed that VR is more conducive to

creativity than other media, such as tablets (Lee et al., 2021),

pen, and paper (Yang et al., 2018), and computer-based CAD

software (Feeman et al., 2018). Mille et al. (2020) compared paper

and pencil, VR sketching, VRmodeling, and computer CADwith

a keyboard and mouse in the same experiment. In this last

research, a VR sketching tool appears to be effective and is

considered the most stimulating. In the present study, we want to

compare a VR sketching tool with an interactive whiteboard in

terms of creativity. We want to better understand the reason for

the conductivity of VR for creativity by verifying the role of the

“stimulation” component of user experience, “the ability of the

system to stimulate the user, to give him a sense of control”

(Lallemand et al., 2015). We reason that if the stimulation makes

one more creative in the VR condition, then participants should

be more creative during the VR task than the interactive

whiteboard task.

We have the following three hypotheses:

• H1: creative performance is higher with VR than with the

interactive whiteboard, characterized by greater fluidity

(number of ideas or features generated);

• H2: user experience is better in VR than when using the

interactive whiteboard;

• H3: creative experience is better with VR than with the

interactive whiteboard.

4 Materials and methods

4.1 Participants

We recruited 60 participants for this experiment (15 women

and 45 men) aged 19–36 years (M = 22.73, SD = 3.522). The

participants we recruited were mostly engineering students (37),

bachelor students (12), and some Ph.D. students, researchers,

and ergonomists (11). We had to remove participant 61 from our

panel due to multiple non-visible handicaps that we discussed

after the experiment that made the participant unable to perform

2D sketching tasks. We decided not to recruit only designers to

have the largest panel possible. Moreover, our 3D tool is not

professional, and proposing such tools to professionals could lead

to underwhelming experiences. The participants are fairly young

and represent a population that could, in the future, use VR tools

in their professional environment. If some might not be the main

population using CST, this experience might not be too far

remote from potential creativity tasks they could do in their

engineering careers or as ergonomists.

To ensure that our groups were comparable, we measured,

using questionnaires, the level of interest of participants for

conception, upcycling, and societal responsibility on a scale

from 1 to 5 to measure their intrinsic motivation for the

subject. The Mann–Whitney U test on the results showed no

significant differences between our two groups for conception

(p = 0.218, U = 371.00, Z = −1.231; Md3D = 4.00; Md2D = 4.00),

upcycling (p = 0.536, U = 410.50, Z = −0.619; Md3D = 4.00;

Md2D = 4.00), or societal responsibility (p = 0.864, U = 439.50,

Z = −0.172; Md3D = 4.50; Md2D = 4.50). We asked our

participants how experienced they were in VR on a scale from

1 to 5, and they rated themselves slightly below average in terms

of experience, with no significant differences between the two

groups (p = 0.871, U = 439.50, Z = −0.163; Md3D = 2.00;

Md2D = 2.00).

4.2 Apparatus

For the VR creativity task, we used an HTC Vive Pro Eye VR

System and a DELL G5 VR-ready portable PC (composed of an

Intel Core I7-8750H @ 2.20 GHz processor and a Nvidia Geforce

RTX 2070 Max-Q graphics card). We used a customized 3D

sketching application developed in our lab. This application

allows the user to draw freely in a 3D virtual environment.

The user has access to a color palette, different sizes of brushes,

and tone palettes. The user can erase part of the sketch, save the

current sketch, and load a sketch.

For the 2D sketching task, we used the same computer

coupled with a Samsung Advanced Digital Whiteboard1,

which allows touch screen interactions, sketching, color

selection, erasing, saving sketches, and loading sketches. The

user has access to a color palette and can draw in different sizes

depending on the surface of contact with the screen (hands or

pen). Examples of users in the different conditions are

represented in Figure 1.

Sketching applications, whether 2D or 3D, contain common

features that can be found in most of them (color palette, brush

1 https://www.samsung.com/us/business/displays/interactive/wm-
series/samsung-interactive-display-85-lh85wmrwlgcxza/.
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size control, and erasing). Those features do not need special

advanced interaction techniques or specific controls. Both tools

we use for this experiment are centered around those common

standard features. Moreover, our 3D application was customized

to match the features of the 2D whiteboard and to be as close to

the interaction and sketching modalities as possible.

For the pre-test sketching task, the participants used Wacom

One creative pen display2 to draw using Gimp. The participants

were also equipped with the Empatica E4 smart wristband3

before the experiment started to measure physiological data,

which is not addressed in this article.

4.3 Variables and measures

We decided to conduct our study using a between-subject

experimental design. Our 60 participants are divided into two

distinct groups of 30. The first group will perform the tasks in 3D

using the VR setup, whereas the second group will perform the

tasks in 2D using the interactive whiteboard. We took that

decision because both groups will do the same creativity tasks.

The user experience associated with using the two CSTs is

evaluated using the French version of the AttrakDiff (Lallemand

et al., 2015). This questionnaire consists of 28 items to which

participants respond on a seven-point Likert scale. These items

measure the following dimensions:

• Pragmatic qualities: usefulness and usability, which will

support the achievement of the objectives;

• Hedonic qualities: the capacity of the product to give

pleasure to the user;

• Identification: ability to provide the user popularity, to

connect them to others;

• Stimulation: the ability of the system to stimulate the

user, to give them a sense of control;

• Attractiveness: a combination of pragmatic and hedonic

qualities to arrive at an overall appreciation derived from

perceived quality.

The perceived adequacy of CST to support creativity is

evaluated using the CSI (Cherry and Latulipe, 2014). We

removed the questions regarding collaboration from the

questionnaire, as the task was a single-user experience.

To measure the creativity level of our participants and

their capacity to sketch before the experiment, we decided to

use the divergent test developed by Kelley and Kelley (2013)

using the Wacom One creative display. The same test is done

after the experiment to measure divergent thinking again but

with 30 blank squares instead of 30 blank circles. The scores of

these tests are measured by multiplying the number of unique

concepts proposed by the number of circles (or squares) used.

To measure convergent thinking before the experiment, we

used a RAT (Taft and Rossiter, 1966) with 16 words to find.

The score of the RAT is simply the number of right

associations found.

The creativity task we proposed is highly inspired by the

work of Guilford (1966) on alternate uses. As described by Fleury

et al. (2020), the ideas produced are rated on a collection of

scores: originality (which evaluates whether the participant’s

ideas were unique compared to other participants); fluency

(the number of ideas generated); flexibility (the number of

ideas belonging to different domains or categories); and

elaboration (the amount of added detail given for each idea).

Because our experiment is based on sketching, we also took

inspiration from Kulkarni et al. (2014). Indeed, for their method,

they record the different features proposed per sketch by their

participants and not only the number of ideas proposed.

FIGURE 1
Examples of users interacting with the sketching CSTs: (A) in the virtual reality condition and (B) in the interactive whiteboard condition.

2 https://www.wacom.com/products/pen-displays/wacom-one.

3 https://www.empatica.com/en-eu/research/e4/.
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In our approach, two authors, separately and independently,

analyzed all the sketches produced by the participants. They

identified and listed every major feature they found. The two lists

were confronted to construct an ontology of the different

features. This allowed us to divide the features into four main

categories (the final list can be seen in the Supplementary

Material):

• Details: composed of details not necessary for the idea but

which helped understanding or provided context (e.g.,

user, environment, symbols, and text).

• In/Out: what comes in and out of the system proposed

[e.g., power source (human, water, wind, etc.), the object

transformed or displaced by the system, and the power

output].

• System function: the transformation that occurs due to the

system, energy, or mechanics (e.g., rotation, linear to

rotation, energy transmission, and storage).

• System structure: the physical structure of the system (e.g.,

rope, chain, seat, wheel, and crankset).

The ideas were then divided equally into three samples, each

assigned to one of the authors. They were tasked with annotating

the features represented for each sketch in their sample, using the

list of features built previously. Lastly, one author reviewed all the

sketches’ feature annotations to ensure that all features were

appropriately annotated and the similarity in annotation between

each author. Our features annotation system was designed to

have a somewhat numerical characterization of creativity (rather

than a subjective score for each idea produced). Thus, we

computed the rarity of each feature and categorized them into

three groups: unique (representing less than 2% of all features4),

uncommon (representing less than 10% of all features), and

common. We also recorded the number of colors used for each

sketch, the number of ideas produced (only for the divergent

thinking phase), the domain or category for each idea proposed,

and the number of different categories proposed by participants

(only for the divergent thinking phase).

4.4 Experimental procedure

First, the participants were asked to read and sign, if they

accepted, a consent form informing them that they would be

filmed, their answers to the questionnaires would be used only in

this research, and they could back out anytime if they wanted or

felt uncomfortable. They also certified that they did not present

with heart problems or suffered from stereoscopic vision

troubles.

Once they signed the consent form, they were asked to

answer a demographic questionnaire to gather information

about their age, sex, educational background, and their

intrinsic motivation regarding the subject (interest in

conception, upcycling, and societal responsibility on a scale

from 1 to 5). We also record their level of valence and arousal

using a self-assessment manikin questionnaire (Bradley and

Lang, 1994).

The participants were then asked to complete a divergent

thinking test (Kelley and Kelley, 2013). For this test, they were

shown a picture of 30 blank circles. Using an interactive display,

they had 3 min to transform as many circles as possible into

different concepts or objects. Once they completed this task, they

answered a RAT (Taft and Rossiter, 1966) to measure their

convergent thinking.

The participants were introduced to the setup they would use

and were subsequently equipped if necessary. For the VR experience,

the participants first completed a tutorial session during which they

were shown the different tools they would have access to. They could

draw freely, and once they felt comfortable, they could proceed to the

next phase. For the 2D sketching tool, the participants were

introduced to the different ways of interacting with the screen

(how to draw, change color, erase, and save) and asked if they

had any questions regarding the usage of the screen.

The participants were then introduced to the divergent

thinking scenario.

A collapse had happened. There was no more electricity or

fossil energy to power the systems that surrounded them. Your

colony managed to settle near an old cycling spare parts

warehouse. The different parts (wheels, saddle, chain, etc.)

have already been used to facilitate the colony’s life. There is

a huge number of cranksets that have not been used yet. You have

to find ways to divert the usage of these cranksets to simplify the

colony’s life. Do not limit yourself to feasibility or realism. There

are no good or bad ideas.

They were asked to produce one sketch for each idea they had

and give it a short description or name. This is based on the

Guilford alternate uses task (Guilford, 1966). We let the

participants produce as many ideas as possible (Figure 2).

They could stop whenever they feel like they are done. If they

produced ideas for more than 15 min, we informed them that

they could log in one last idea and proceed to the next phase.

The VR scene took place in an old warehouse with some

furniture. A 3D model of the crankset was placed at the center of

the scene (see Figure 3). The participants could draw and move

freely around it. This design choice was made to exploit the

potential of VR in its most natural usage. For the interactive

whiteboard condition, a real crankset was placed next to the

screen so that the participants could have a visual representation

of the object to be as similar to the VR experimental conditions as

possible.4 2% represent 173 features sketched over 3,473 features sketched.
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FIGURE 2
Example of ideas produced by two different participants: (A) in the virtual reality condition and (B) in the interactive whiteboard condition. In this
case, both represent electricity-generating machines.

FIGURE 3
Views of the virtual warehouse the participants are placed in.

FIGURE 4
Massaging seat models presented to the participants: (A) in the virtual reality condition and (B) in the interactive whiteboard condition.
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The second phase of creativity proposed comprised a

convergent thinking task.

After the collapse, there was a rise in physical work and, thus,

in injuries and muscular problems. In this context it is necessary

to propose a solution to relieve people of the different pain they

experience. Therefore, your colony brainstormed and came to a

common idea that seemed feasible. They designed a simplistic

prototype of a massaging seat using the cranksets. They did not

care about the realization and how it was supposed to work. Your

goal is to improve the concept, make it functional, and study the

limitations and its realization.

For this phase, the participants loaded a drawn sketch of the

massaging seat prototype (Figure 4). The participants were

informed that they could erase parts of the drawing, draw

around, or change the concept while still proposing a

massaging solution using the crankset as a fundamental part

of the system. They had to propose one sketch and explain the

main modifications and additions to their final idea. Once they

were done, they simply saved the sketch, and the creativity

experiment ended (see Figure 5, for an example of saved

massaging concepts).

The participants were then asked to take another divergent

thinking test (Kelley and Kelley, 2013). It was the same as the one

they took before the experiment, but this time with 30 blank

squares instead of 30 circles. This was done to measure their level

of divergent thinking after the experiment.

Finally, they completed the last questionnaire, composed of

another SAM to measure their level of arousal and valence, as

well as an AttrakDiff (Lallemand et al., 2015) questionnaire for

user experience and the CSI (Cherry and Latulipe, 2014) for the

creative experience. We then asked them if they had questions or

wanted to discuss the experiment more informally. If they had no

more questions, the experiment ended. The complete procedure

lasted from approximately 45 min to 1 h (see Figure 6 for an

overview).

5 Results

For all the group comparisons described here, we performed a

normality Shapiro–Wilk test (the results can be seen in the

Supplementary Material). Whenever the normality condition was

not met, the comparison was done with non-parametric analysis.

5.1 Pre- and post-tests for divergent and
convergent creativity

The Shapiro–Wilk tests revealed non-normal distributions

for the divergence score before the sketching activity [W (60) =

0.815, p < 0.001], the divergence score after the sketching activity

[W (60) = 0.924, p = 0.001], and convergence before the

sketching activity [W (60) = 0.959, p = 0.041].

The RAT test scores before the sketching activity were

compared with a Mann–Whitney U test, which revealed no

significant differences between the two groups (U = 356.5,

Z = −1.407, p = 0.160) with an average score of 3.13 (SD =

1.871) in the VR condition and 3.62 (SD = 1.613) in the

whiteboard condition. Likewise, the scores of the divergent

thinking test before the sketching activity (drawing with

circles) were compared with a Mann–Whitney U test, which

revealed no significant differences between the two groups (U =

429, Z = −0.311, p = 0.756) with an average score of 2.685 (SD =

2.417) in the VR condition and 2.126 (SD = 1.239) in the

whiteboard condition. Conversely, the comparison of the two

FIGURE 5
Example of finished massaging seat concept produced by two different participants: (A) in the virtual reality condition and (B) in the interactive
whiteboard condition.
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conditions for the divergent thinking after the experiment

(drawing with squares) revealed a significant superiority of the

scores (U = 263, Z = −2.771, p = 0.006) for the participants that

used the VR CST (M = 3.426, SD = 1.969) compared to those who

used the interactive whiteboard (M = 2.266, SD = 1.657).

5.2 Valence and arousal

Table 1 shows all the means and standard deviations for

valence and arousal in the two experimental conditions.

Evolution of valence and arousal have been conducted by

comparing measures before the experiment and right after the

experiment. The Wilcoxon test revealed no significant evolution

of valence (Z = −0.404, p = 0.686) and arousal (Z = −1.232, p =

0.218) for the interactive whiteboard condition. Conversely, the

Wilcoxon test revealed a significant increase in valence

(Z = −2.765, p = 0.006) concerning the VR condition.

5.3 User experience: AttrakDiff

Table 2 shows all the means and standard deviations for the

four dimensions of AttrakDiff in the two experimental

FIGURE 6
Main steps of the protocol (the extra steps present only for the VR part are included on the right).
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conditions. The non-parametric Mann–Whitney U test revealed

a significant superiority of VR condition compared to the

interactive whiteboard for stimulation and attractiveness.

Student’s t-tests revealed a significant superiority of interactive

whiteboard condition for identity and no significant difference in

pragmatic quality between the two CSTs.

5.4 Creative experience: Creativity
support index

Table 3 shows all the means and standard deviations for the five

dimensions of the CSI in the two experimental conditions. The non-

parametric Mann–Whitney U test revealed no significant difference

between the two conditions for exploration, gratification,

transparency, and expressiveness. However, it revealed a

significant superiority of the VR condition for engagement.

5.5 Creative performance: Sketched
features

5.5.1 First phase: Divergent thinking (crankset)
In total, 339 ideas were proposed by the participants,

representing 2,668 features identified. In VR, the participants

proposed, on average, 5.07 (SD = 3.59) ideas for 152 ideas and

1,385 features. The participants using the 2D sketching tool

proposed, on average, 6.23 ideas (SD = 3.57) for 187 ideas

and 1,283 features. We found no statistical differences in the

number of ideas proposed between the two groups.

TABLE 1 Means and standard deviations (between brackets) for the reported level of arousal and valence (before and after the experiment)
concerning the two conditions.

Before the experiment After the experiment

Valence

Virtual reality 3D sketching 7.53 (0.973) 8.03 (0.669)

Whiteboard 2D sketching 7.57 (1.135) 7.67 (1.348)

Arousal

Virtual reality 3D sketching 3.93 (1.946) 4.50 (2.418)

Whiteboard 2D sketching 3.47 (2.063) 4.10 (2.203)

Bolded values indicate significant differences.

TABLE 2 Means and standard deviations (between brackets) for the four dimensions of user experience (AttrakDiff) concerning the two conditions.

Virtual
reality 3D sketching

Whiteboard 2D sketching p value

Pragmatic quality 1.167 (0.730) 0.981 (0.993)

Hedonic quality—stimulation 1.562 (0.407) 1.095 (0.700) 0.008 (Z = −2.653)

Hedonic quality—identity 0.795 (0.634) 1.342 (0.740) 0.044 (Z = −2.017)

Attractiveness 2.114 (0.608) 1.686 (0.853) 0.003 (t = −3.079)

Bolded values indicate significant differences.

TABLE 3 Means and standard deviations (between brackets) for the five dimensions of the creativity support index concerning the two conditions.

Virtual
reality 3D sketching

Whiteboard 2D sketching p value

Exploration 7.90 (1.539) 7.77 (2.128)

Engagement 9.30 (1.236) 8.57 (1.591) 0.011 (Z = −2.552)

Gratification 7.90 (2.057) 7.47 (1.961)

Transparency 8.53 (1.889) 8.37 (2.205)

Expressiveness 8.20 (1.690) 7.90 (2.249)

Bolded values indicate significant differences.
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Table 4 shows the means and standard deviations for the

average number of features per idea in the two experimental

conditions for the first phase (divergent thinking). Parametric

t-tests revealed significant differences between the two conditions

for the average number of features per idea, with more features

drawn in VR than with the whiteboard. The non-parametric

Mann–Whitney U test revealed that a significantly higher

number of function features, structure features, and crankset

parts per idea were sketched in VR compared to the whiteboard

condition.

The non-parametric Mann–Whitney U tests revealed an

almost significant differences between the two conditions for

the average number of colors used per idea (Z = −1.264, p =

0.063), participants using more color in VR compared to those

using the 2D sketching tool (M3D = 2.333, SD3D = 1.21; M2D =

1.904, SD2D = 1.15).

For this phase of the experience, Mann–Whitney U tests

revealed significant differences in the average number of unique

features (Z = −2.376, p = 0.018). The participants using the

interactive whiteboard proposed, on average, a higher number of

unique features per idea compared to the ones using VR (M3D =

0.291, SD3D = 0.197; M2D = 0.482, SD2D = 0.286). On the contrary,

the participants in the VR condition produced a significantly

higher (t = 3.167, p = 0.02) average number of common features

per idea compared to the participants using the interactive

whiteboard (M3D = 8.503, SD3D = 2.262; M2D = 6.445, SD2D =

2.933).

The parametric t-test revealed no significant differences

(t = −0.428, p = 0.670) between the two conditions in the

total duration of the divergent thinking phase (M3D =

733.03 s, SD3D = 252.561; M2D = 765.30 s, SD2D = 326.459).

5.5.2 Second phase: Convergent thinking
(massaging seat)

Each participant saved one sketch of their final concept,

which amounted to 805 features identified: 423 features

sketched for the participants in VR and 382 features

sketched for the participants with the interactive

whiteboard.

Table 5 shows the means and standard deviations for the

number of features in the two experimental conditions for the

second phase (convergent thinking). The non-parametric

Mann–Whitney U test revealed significant differences between

the two conditions for the number of function features and

crankset parts (gears, crank, and pedals). The participants in VR

sketched more of the required type of features than the ones

using the whiteboard.

The Mann–Whitney U test revealed significant differences

between the two conditions for the number of colors used during

the second phase (Z = −2.121, p = 0.034). The participants used

more color in the VR tool compared to the 2D sketching tool

(M3D = 3.70, SD3D = 2.14; M2D = 2.60, SD2D = 1.75).

The non-parametric Mann–Whitney U test revealed

significant differences (Z = −3.031, p = 0.002) between the

two conditions for the total duration of the convergent

thinking phase. The participants in VR spent more time

completing this task than the ones using the interactive

whiteboard (M3D = 629.43 s, SD3D = 275.559; M2D = 441.50 s,

SD2D = 189.173).

5.6 Correlations

To better understand the relationship between creative

proficiency and reported experience (user experience and

creative experience), we decided to explore potential

correlations between those different values.

Using the Spearman test, we found a positive correlation for

both conditions between the reported level of engagement from

the CSI and the average number of structure features per idea for

the divergent thinking phase (r = 0.291, n = 60, p = 0.024). A

positive correlation was also found for both conditions between

the reported level of engagement and the number of function

features realized during the convergent thinking phase (r = 0.305,

n = 60, p = 0.018). With a higher level of engagement,

participants tended to sketch, on average, more structure

features per idea during the divergent thinking phase and

more function features during the convergent thinking phase.

TABLE 4 Means and standard deviations (between brackets) for the average number of features per idea for the first phase of the creativity task,
concerning the two conditions.

Virtual
reality 3D sketching

Whiteboard 2D sketching p value

Details 1.566 (0.906) 1.157 (0.514)

In/Out 0.920 (0.347) 0.958 (0.472)

Function 1.359 (0.659) 1.021 (0.600) 0.042 (Z = −2.037)

Structure 2.694 (1.26) 1.639 (0.962) 0.001 (Z = −3.176)

Crankset 3.606 (0.639) 2.612 (0.989) <0.001 (Z = -4.247)

All features 9.735 (2.51) 7.795 (3.02) 0.009 (t = 2.078)

Bolded values indicate significant differences.
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Finally, two negative correlations were found, for both

conditions, between the reported level of stimulation

(AttrakDiff) and the level of details during the convergent

thinking phase (r = −0.310, n = 60, p = 0.016) and the level

of In/Out features during the convergent thinking phase

(r = −0.332, n = 60, p = 0.009). With a higher stimulation

level, the participants tended to sketch a lower number of details

and In/Out features during the convergent thinking phase.

Using the Spearman test, we found positive correlations for

both conditions between the duration of the divergent thinking

phase and the number of ideas produced (r = 0.443, n = 60, p <
0.001) as well as the number of features (r = 0.530, n = 60, p <
0.001). We also found a positive correlation for both conditions

between the duration of the convergent thinking phase and the

number of features sketched (r = 0.428, n = 60, p = 0.001).

6 Discussion

CSTs have been studied multiple times to determine their

benefits and drawbacks (Frich et al., 2019). The goal of our study

is to provide more depth to these evaluations. Indeed, not only do

we explore the difference in terms of creative output but also in

terms of user experience and creative experience. The two

sketching CSTs we use for our study offer almost the same

modalities (large color palette, erasing, changing the brush size,

etc.) such that the observed differences are more due to the

medium than the interactions provided by each.

As VR has been shown to promote creativity (Feeman et al.,

2018; Fleury et al., 2021a) during ideation tasks, we hypothesized

that the participants in VR would display a higher level of

creativity (H1), especially regarding the level of fluidity

(number of features generated). Our analysis of the features

produced during the divergent thinking exercise shows that

the participants in VR generated, on average, more features

per idea than the participants using the interactive whiteboard

(in total, for the function, structure, and crankset features as

well). If the participants in VR generated more features than the

ones in the whiteboard condition during this phase, the second

group did produce, on average, more unique features (M3D =

0.291, SD3D = 0.197; M2D = 0.482, SD2D = 0.286), whereas the VR

ones were more common (M3D = 8.50, SD3D = 2.26; M2D = 6.44,

SD2D = 2.93). Moreover, during the second phase in VR,

participants used, on average, more colors per sketch than

when using the whiteboard, although both had simple access

to a color palette (M3D = 3.70, SD3D = 2.14; M2D = 2.60, SD2D =

1.75). From those data, we can say that VR promotes a higher

level of fluency. If we found no significant results regarding the

number of domains explored by the participants (flexibility), the

participants using VR seemed to provide a higher elaboration

level to their sketches, as observed by the usage of more colors on

average. This is in accordance with previous results (Drey et al.,

2020; Lee et al., 2021). Some participants in VR confirmed that

“having a magic wand that allows to materialize [sic] what I have

in mind,” said participant N°5 (VR). However, there is not such a

strict consensus among the participants. Indeed, participant N°27

(VR) reported that while “one has the idea in its [sic] head, it is

hard to sketch it realistically in 3D.” This resonates with the fact

that the interactive whiteboard seems to enable a higher level of

originality for the participants, as they proposed significantly

more unique features for their ideas on average. This might be

explained by the difficulty of representing more complex or

specific features in VR. One participant reported that “simple

strict shapes are hard to do cleanly (circles, spheres, cubes, etc.).”

This might have deterred the participants from engaging in very

intricate concepts. Such limitations are explored in the work of

Arora et al. (2017) on the usage of fixed surfaces in VR to improve

the precision of sketching in VR. It points toward the limitations

of freehand drawing in VR at the moment.

Differences between the two CSTs are also observable in the

reported experience of our participants. Mille et al. (2020)

demonstrated that VR is a strongly stimulating tool. That is

why we hypothesized that the reported levels of user experience

would be better for VR (H2). Statistical analyses validated our

hypothesis. Stimulation and attractiveness are significantly

higher for the participants in the VR group compared to the

interactive whiteboard users. As described by Hassenzahl et al.

(2003), stimulation is affected by the originality of a product and

TABLE 5Means and standard deviations (between brackets) for the number of features for the second phase of the creativity task, concerning the two
conditions.

Virtual
reality 3D sketching

Whiteboard 2D sketching p value

Details 2.23 (0.774) 2.57 (1.17)

In/Out 0.80 (0.761) 1.10 (0.803)

Function 2.73 (1.29) 1.90 (0.995) 0.005 (Z = −2.817)

Structure 4.60 (2.13) 4.17 (1.91)

Crankset 3.73 (1.02) 3.00 (1.64) 0.014 (Z = −2.461)

All features 14.10 (4.09) 12.73 (4.57)

Bolded values indicate significant differences.
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its creative and captivating aspects. These results may have led to

a higher level of creativity by our participants due to a higher

willingness to exploit the tool fully. Some of the participants

declared that “the virtual environment was stimulating” and “I

was finding ideas as I was drawing. It makes you want to draw, to

create objects.” This effect was reported by (Jetter et al., 2020, p

9), supporting the “spirit of design” (Buxton, 2007): to invite, to

suggest and to question,” leading to ever-evolving creativity. On

the contrary, the participants using the interactive whiteboard

reported a significantly higher level of identity than those using

VR. Identity refers to the professional qualities of the tool, if it is

of good taste, demonstrable, if it brings closer to others. These

results are expected, as the VR CST we used is still a prototype

mostly developed for research purposes. Normally, a highly

technological product designed by a state-of-the-art company

in the technological world, such as Samsung, would present

better results for this category.

Our last hypothesis stated that the participants using VR

would report higher levels of creative experience than those using

the interactive whiteboard (H3). Even if all the reported scores

are higher for the VR condition compared to the 2D condition,

only the level of engagement was significantly different. Cherry

and Latulipe (2014) explained that engagement is crucial for an

ideation task as it relates to many of the flow elements described

by Csikszentmihalyi (1975). They stated that engagement could

be responsible for distractions being excluded from

consciousness, from self-consciousness disappearing, and from

the sense of time being distorted. Multiple participants in the VR

condition reported the following feelings: “I had the feeling that

the sketches were physically real,” “Super interesting, we quickly

forget that we have the headset on. I had the feeling that it was

real, I was scared that I would collide with the crankset,” and

“The experiment made me forget my real body.” These results

were expected, as more recent immersive VR devices can now

easily lead to high senses of presence and immersion (Cummings

and Bailenson, 2016). Our last hypothesis is only partially

validated, as we expected more differences for the different

dimensions of the CSI. However, the results confirm the very

interesting promises of using VR as a sketching CST. Indeed,

statistical analysis showed a positive correlation between

engagement and some of the metrics of creative fluidity.

However, we also observed a drawback to the immersiveness

of VR, as stimulation is negatively correlated to some metrics of

creative fluidity. A subtle balance needs to be found to stimulate

the users enough but not distract them from the task they are

performing.

Logically, we found strong positive correlations between the

time spent doing the task and the number of features and ideas

produced by the participants. If we found no differences between

the two conditions during the divergent thinking phase, the

participants in VR spent significantly more time than the ones

using the interactive whiteboard performing the convergent

thinking phase (M3D = 629.43 s, SD3D = 275.559 s; M2D =

441.50 s, SD2D = 189.173 s). With strong immersiveness and

engaging aspect, the participants could have willingly spent

more time thinking and sketching in VR than in 2D. This

could explain the differences we observe in the number of

overall features produced during this second phase.

As presented previously, Cherry and Latulipe (2014)

discussed the importance of engagement and flow in the

creative process. Flow in positive psychology is the mental

state in which a person performing some activity is fully

immersed in a feeling of energized focus, full involvement,

and enjoyment in the process of the activity. In essence, flow

is characterized by the complete absorption of what one does and

a resulting transformation in one’s sense of time. This state is

strongly linked with emotions and, thus, arousal and valence.

Interestingly, our results demonstrate that our participants

reported a significant rise in their level of valence in the VR

condition. It is interesting and might explain some of the

creativity results as well, as multiple studies have linked

emotions and arousal to the success of an ideation process

(De Dreu et al., 2008; Hao et al., 2017). However, we would

argue that the state of flow is not the only effect achieved through

the VR medium in our experiment. Flow is closely tied with the

activity being performed and thus should not generate lasting

effects on a different task. In our case, we observed that the

participants in the VR group were significantly more successful

in the post-experiment divergent thinking task than those in the

interactive whiteboard group. Those lasting effects on creativity

might not result from the induction of flow during the VR

experiment. Realizing an ideation task in VR could potentially

stimulate creativity as a whole for the participants with lingering

effects after exposure. Hu et al. (2021) suggested that mixed

reality systems have the power to remove mental blocks and

stimulate creativity on multiple levels. The removal of said self-

limitations could lead to a lasting improvement in creative

thinking. Moreover, multiple studies have already highlighted

that VR exposure could have remnant effects on users’ behavior

and perception (Yee and Bailenson, 2006; Herrera et al., 2018).

Derived from our different observations, we want to propose

tentative recommendations. VR is indeed a strong tool to

promote creativity in early design phases and could be utilized

in combination with a contextualized virtual environment.

However, it is not a tool without fault. It can pose some

limitations, such as the inability to sketch on different scales

in our case. Moreover, it sometimes lacks precision, which can

limit the designer’s output if their idea needs details. Our

recommendation would be to use VR as a starting point when

generating ideas; free the designers of certain mental blocks;

promote immersion, exploration, and creativity; and then

combine it with a more traditional 2D approach for more

precision.

Usually, a creativity session is divided into three distinct

phases: divergence, selection of ideas, and convergence. That is

why, in our study, we decided to propose a similar schema. To
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ensure that the conditions for each participant are comparable,

we decided to exclude the selection phase and have the

convergence phase on a pre-selected subject. Because the

convergence phase is much more technical and precise than

the divergence phase, we expected the participants to produce

better results using the interactive whiteboard compared to those

in VR. Indeed, the VR medium is not as precise as the

whiteboard, and an adaptation phase is necessary to master it

fully. However, our results show that the participants in VR

sketched a significantly higher number of function features and

crankset parts than the ones using the interactive whiteboard. If

some participants reported that the lack of precise drawing and

technical tools in VR limited their tasks, the final results were not

as different as expected.

7 Limitations

As stated in the Variables and measures, we conducted a

between-subject design for our study. To compare the level of

creativity, we wanted to have the participants perform the same

scenario. However, a counter-balanced within-subject design

would have been better in comparing subjective reports by the

participants (AttrakDiff and CSI). However, it is complex to

propose two comparable ideation tasks and mix them with two

different CSTs. The experiment would have to be conducted on

separate occasions as creative fatigue would have severely

hampered the participants during the second run of ideation.

We tried to recruit a large enough number of participants for our

statistical comparisons to have weight and be exploitable by the

community for later research.

Measuring creativity is a complex task. The method we used

was based on previous work (Guilford, 1966; Kulkarni et al.,

2014), but there might be different ways to measure it and find

different results. We took an informed decision and thoroughly

discussed how we planned to measure creativity before starting

our experiment. It might be interesting to give the sketches to

different researchers with different methods for grading

creativity and observe if the results are repeatable.

For each modality (2D and 3D), we selected a representative

that possesses most of the common characteristics, and we tried

to have them matched as evenly as possible. Even if we tried to

have the experimental conditions as close as possible, both

mediums offer very different experiences. Indeed, using VR in

a deprecated state, without a contextualized 3D environment,

defeats the purpose of the technology and does not represent how

it will be used in real conditions. It is questionable for the

participants in VR to have virtual representations of the

warehouse and the crankset compared to the participants

using the interactive whiteboard, who are in a regular room

but have a real crankset next to them to take inspiration from.

The other main difference is the scale factor. In VR, the crankset

was represented at a scale of 1:1, and thus participants tended to

sketch at the same scale. In contrast, the participants using the

interactive whiteboard could represent the crankset at a different

scale and thus sketch more naturally bigger structures. This is

observable in the approach the participants took with their

sketches. The VR participants represented a user (or part of

the user) only seven times in the 152 sketches produced, whereas

the participants using the interactive whiteboard represented a

user 43 times for 187 sketches. In VR, with a 1:1 scale and the 3D

environment, the participants could simply put themselves as the

user of the device and thus not represent another entity. This is

an interesting fact to consider depending on the type of task

proposed to the participants in the future.

8 Conclusion and future work

In this article, we presented an experiment comparing two

CSTs: one in 3D VR and one in the 2D interactive whiteboard.

Our focus was on exploring the differences between the two in

terms of user experience, creative experience, and creative

production. We hypothesized that VR would lead to a better

user experience and creative experience. We also hypothesized

that participants would perform better in terms of creativity in

VR than those using the interactive whiteboard.

Our results confirmed our assumptions as the VR sketching

tool led to a more stimulating, attractive, and engaging

experience. However, the interactive whiteboard was deemed

more polished and professional by our participants. Discussions

with the participants showed that they felt a very strong sense of

immersion in VR. We also observed a better level of creative

performance displayed by the participants in VR compared to

those with the interactive whiteboard (in terms of fluidity and

fluency), even if the participants in the second group seemed to

have more originality (rare features drawn). It is important to

consider the novelty factor that is still inherent to VR. Even if our

participants are not totally unfamiliar with VR and are

technologically knowledgeable, this factor could enhance the

will to perform and might be fleeting with multiple exposures.

It will be interesting to explore whether the effects we found

remain as the population becomes more accustomed to virtual

environments.

It could be interesting to redo the same type of experiment

but with other 2D and 3D tools to measure the effects of inter-

modalities specificity. In our case, due to the necessary functions

and interaction mechanics, we suppose that using different 2D or

3D tools will not impact user experience and, thus, the

experiment’s results.

We also made some novel contributions in highlighting links

between the experience perceived by the participants and their

level of creativity. We found that the more engaged the

participants, the better their creative performance. We also

established a link between how VR could lead the participants

to spend more time in the ideation process with its highly
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engaging nature, generating more ideas. If this could be linked to

the definition of flow, we argued that it could be another

phenomenon linked with creativity in its entirety, as

participants performed better on a post-experiment creativity

task after having been exposed to VR. Thus, VR might be a useful

tool to boost creativity as a whole and not only when immersed,

which is a new finding to be explored further.

We envision two following studies, both revolving around

collaboration. The first one would center around the

communicability of the idea produced. If our experiment was

done as a single user, ideation tasks are generally conducted to

take advantage of collective intelligence. It would be interesting to

explore how the sketches produced during our task are perceived by

outsiders and what difference we can observe depending on the CST

used. The second line of investigation would be to propose an

experiment with collaboration from multiple users, as most of the

creativity sessions are done in groups, sharing the same virtual space

or usingmultiple CSTs simultaneously to generate ideas and explore

the perceived experience of the participants and creative results.
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