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ABSTRACT

Since the COVID-19 worldwide pandemic outbreak, and the requirement to ‘stay at home’ and ‘work
from home’, we, as a collaborative species have been forced to find ways of computer-supported
collaboration. Going beyond global design and distributed design. We now find ourselves as a human
race, not with a desire to collaborate using computers, or with a requirement, but it is now a necessity.
In many ways, a paradigm shift has occurred.

This research investigates the use of novel technology to support student teams in the conceptual design
phase of an engineering design project. A review of published literature identified a lack of
understanding in the impact that a digital distributed environment can have on the outcomes of a
collaborative ideation task. The literature suggested there would be little to no change between working
in a collocated and digital distributed environment.

An experiment was designed that asked 16 participants working in pairs to complete an ideation task in
both a synchronous traditional collocated environment and a synchronous digital distributed
environment. The results from the experiment suggest that conducting the ideation task within a digital
environment has a negative effect on the outcomes of the ideation task.

Keywords: Computer-Supported Collaborative Design (CSCD), conceptual design, design technology,
ideation, concept generation

1 INTRODUCTION

Technologies to support design development are commonplace. 3D Computer Aided Design (CAD) has
long been established as an industry standard for the later stages of the design process including detailed
design, embodiment design, finite element analysis and manufacture and assembly modelling[1]. CAD
software has been developed to support the creative design phases in 2D and 3D [2], and in recent years
in particular with novel technologies such as Virtual Reality (VR). There has been a focused effort to
develop CAD tools for design engineers. However, there has been a lack of focused development of
CAD tools within the conceptual design stage of the design process which has resulted in minimal uptake
within industry and education [3].

Throughout concept generation, designs are quickly evolving, the focus is not on great detail but more
so on generating and adapting high volumes of concepts quickly [2], [4]. The initial concept generation
phase is free flowing in nature and requires creativity from the designer to produce sketches that allow
others to visualise their ideas. These sketches are vital while working collaboratively as it allows team
members to modify, adapt and evolve the ideas to progress through the concept development [5].

The issue with the use of CAD tools within conceptual design is the required level of detail can hinder
the creativity of the designer. Although sketches are incomplete and rough, CAD tool’s completeness
can discourage the designer from modifying and adapting the concepts [6]. This is due to CAD tool’s
rigidity and need for a high level of detail which is not required throughout the conceptual design phase.
In a digital space, a useful tool to replace paper is a digital whiteboard, however, the usefulness and
effectiveness of this design tool has been questioned. Tang et al., [3] investigated the differences
between digital and physical sketching. Teams were given a sketching task to conduct in both
environments. By assessment of experts, the designs created in both mediums were of equal quality with
a slight preference towards the outcomes of the physical sketched posters. Mulet et al., [7] investigated
the role of technology in the novelty of designs. By assessment of experts, the novelty of the designs
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created by teams in a collocated space and in a distributed online space were equal. There were several
technical issues with the technology which may have been improved.

Jensen et al., [8] conducted an ideation activity using physical sticky note and a tablet and sticky note
software. Experts determined similar levels of quality in the concepts created using physical sticky notes
and digital. The research was limited in the use of one tablet used by one team member where typical
sticky note activities allow all participants to take part at the same time.

Brisco et al., [9] created a digital design tool based upon an established design method 6-3-5. The tool
enabled students to draw sketches based on an original idea or the ideas of other team members. Students
had no preference for or against using the tool and there were several technical issues in its use.
Pre-pandemic research was focused on technologies to support distributed work as a novel concept, as
secondary to in-person working. Now, research must consider remote working as the default, or as equal
[10]. One solution to this problem would be the development of distributed digital design methods that
are as effective as those well established and used in a collocated physical space. To do so, the design
research community must build an understanding of the similarities and differences between collocated
design activities and distributed design activities facilitated by computer technologies. This requires
researchers to look beyond the norm and develop design methods inspired by technology functionality,
and not as an afterthought. Solutions must allow those who have the knowledge to contribute to a product
development to do so in person or digitally with equal impact. Universities and businesses can prepare
for any mode of learning and working. The best design methods, online or offline, can be chosen to
ensure resilience when barriers to physical working arise.

2 METHODOLOGIES

The methodology chosen was inspired by that used by Tang et al., [3] and Mulet et al., [7] as a state-of-
the-art research method identified through a literature review. 16 final year Master’s students studying
Product Design Engineering at the Department of Design, Manufacturing and Engineering Management
were invited to take part in the study. The participants were selected because they had previous
experience of working in both distributed and collocated environments.

The participants were asked to join as teams of twos and every participant had previously worked in a
group with their partner. The participants were grouped in pairs due to the constraints on the time and
number of participants available. Groups of two provided allowed high enough number of groups to
provide a statistical analysis of the results. There were 8 male and 8 female participants. The average
age was 22 years and 4 months with a standard deviation of 1 year and 4 months.

The collaborative concept ideation task chosen for this experiment was “brainstorming.” Brainstorming
as a concept ideation technique was originally developed in 1954 by Alex Osborn within his book
Applied Imagination [11]. It is frequently used as a concept ideation technique by every level of
designers, from professionals to novices [12] and is commonly carried out with the use of sticky notes.
Both Ball and Treffinger argue that sticky notes are the perfect material for brainstorming as they allow
many solutions to be generated and aid collaboration between teams [13]. Therefore, the selection of
brainstorming through the use of sticky notes was justified as there has been extensive literature
verifying it as a proven technique. It was also selected as every participant within the experiment has
previous experience with it meaning they did not need time to get familiar with the ideation task
During the experiment, the participants were given two design project briefs which they used to conduct
the Dbrainstorming ideation task. The participants completed one of the briefs in a traditional
environment, being offline and collocated, and one in a digital environment, online and distributed. The
two briefs were chosen from a list of design briefs generated within a previous study conducted by [14].
The briefs generated within the list were designed to be of equal difficulty. To ensure the level of
difficulty did not affect the results of the experiment, half of the groups completed Brief 1 in the digital
environment first and vice versa. The chosen briefs were:

Brief 1: Rain and wind Protection

Rain and wind make it difficult for pedestrians to keep dry and pose dangers e.g., slipping, falling trees.
Generate concepts for products to reduce the discomfort and danger of poor weather for pedestrians.
Brief 2: Lighting in Towns and Cities

Lighting towns and cities at night have negative environmental impacts e.g., fossil fuel depletion; light
pollution; and disruption to wildlife. Generate concepts for products that may improve the
environmental impacts of lighting urban areas.
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The experiment in the traditional environment is as follows. The participants were seated together at a
desk (Figure 1) and were given a selection of sticky notes and black or blue pens. The participants were
free to interact in any way and collaboration was highly encouraged. This experimental setup is
something each participant was familiar with and had experienced during their education.

Figure 1. Students conducting the traditional (Left) and digital experiment (Centre, Right)

The digital environment involved a more complex experimental setup. First, the participants were in
separate rooms to mimic a distributed design experience. Video conferencing on Zoom was provided
(Figure 1), as opposed to the audio only experiments conducted by Jensen et al., [8] and Mulet et al.,
[13]. This also allowed for the team to share the experiment procedure onto the screen so they could
both view the brief and instructions while completing the task. To facilitate digital sketching both group
members were given an iPad 11 Pro. This minimised the limitations from poor quality digital sketching
devices as identified within both Brisco et al., [9] and Mulet et al., [13].

During a preliminary investigation, MURAL was selected as the most functional whiteboard tool to
support brainstorming. Participants were given five minutes to familiarise themselves with MURAL and
to ask any questions on its operation. The experimental procedure was as follows: five minutes were
provided to read the design brief, ten minutes to draw as many concepts as possible, and two minutes to
categorise their concepts. Concepts were saved for analysis. It was emphasised to the participants that
the quality of the sketches did not matter as this is not something that was being assessed within the
experiment. Upon completing the first design brief the team swapped to the other environment.
Participants were instructed to produce as many concepts as they could for each brief and to then group
the concepts into categories. Therefore, the characteristics which the “outcome” of the ideation tasks
will be evaluated is Fluency and Flexibility. Fluency is the total number of concepts produced for one
brief. This was assessed by simply counting the number of concepts produced. Flexibility is the total
number of different categories of concepts produced for one brief. This was assessed by counting the
total number of different categories produced.

Fluency, flexibility, originality, and elaboration are the four key characteristics for evaluating creativity
with the Torrance Test of Creative Thinking (TTCT) [15] There are two reasons that originality and
elaboration have not been considered within the evaluation of the ideation task outcome. Firstly, this
study is not directly investigating the effect the different environments have on creativity but the
outcome of the ideation task. Secondly, originality and elaboration are subjective in nature and to
generate quantitative data for these characteristics at least two qualified external reviewers would be
needed to remove bias from the results [16]. Due to the time limitations of this project, it was not possible
to test for originality and elaboration in the concepts.

Two hypotheses were created based on the outcomes of the literature review.

HO: Participants will produce a higher fluency score while working in the traditional environment.

H1: Participants will produce a higher flexibility score while working in the traditional environment.

3 RESULTS

The total scores for both fluency and flexibility (Table 1) were higher within the traditional environment
(Fluency=134, Flexibility=31) compared to the digital environment (Fluency=99, Flexibility=26).
Using this data, the percentage decrease of both the total fluency and flexibility scores when moving
from the traditional to the digital environment were calculated. The total fluency score decreased by
26.12% when comparing the traditional to the digital environment and the total flexibility score
decreased by 16.12% when making the same comparison.

To test if the data was normally distributed a Shapiro-Wilk Test of Normality was conducted. This test
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was selected over the use of Normal Q-Q plots because the sample size was small (<50 participants).
The Shapiro-Wilk test confirmed that the data was normally distributed since p>0.05 [17] for the
difference between the fluency (p=0.279) and flexibility (p=0.156) in the traditional and digital
environment. This confirmed that a Paired Sample T-Test could be conducted.

Table 1. Fluency and Flexibility Scores for each group in both environments

adltiona DIQIT3
O C O
Group Fluency | Flexibility | Fluency | Flexibility
1 34 4 23 3
2 13 4 15 5
3 21 5 10 3
4 8 3 8 2
5 16 4 11 3
6 9 2 10 3
7 22 6 16 3
8 11 3 6 4
Total 134 31 99 26
Mean 16.75 3.88 12.38 3.25

A Paired Sample T-Test was used to identify if there was a statistically significant difference between
the fluency and flexibility scores between the two collaborative environments. Participants had a higher
fluency score while in the traditional environment (16.750 + 8.68) as opposed to the digital environment
(12.375 + 5.42), a statistically significant mean increase of 4.375 (95% Cl, 0.137 t0 8.613), t (7) = 2.441,
p =0.045, d=0.863. This was determined to be statistically significant since p<0.05 [19]. Participants
also produced a greater number of concept categories within the traditional environment (3.875 + 1.246)
compared to the digital environment (3.250 £ 0.886) a mean difference of 0.625 (95% CI -0.634 to 1.88)
t (7) = 1.17, p=0.279, d=0.42. However, since p>0.05 the difference cannot be considered significant.

Significance Value
Small 0.2

Medium 0.5
Large 0.8

Figure 2. Cohen’s d Significance Table

Cohen’s d (Figure 2) was used to calculate the effect size one variable has on another. In this case, the
effect size refers to the effect the collaborative environment has on the fluency and flexibility scores.
Where MM is the mean difference between the two related groups and SD is the standard deviation of
the mean. The significance of this effect can be approximated using Cohen’s d significance table [18].
The results of the Paired Sample T-Test have shown that the effect the different collaborative
environments had on fluency is large and can be considered statistically significant. However, the effect
on flexibility is small and is statistically insignificant.

Although the majority of teams displayed a similar pattern considering preference for traditional over
digital environment, two anomalies were found. Group two and six had higher Fluency and Flexibility
scores for digital over traditional. This could be a result of individual preference or experience,
something this study could not determine.

4 DISCUSSIONS

Results from the experiment reveal that both fluency and flexibility scores were higher for the traditional
environment. To confirm or reject the hypothesis the results underwent statistical analysis. Although
there was variance in the scores between the groups, there were no data outliers that could affect the
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statistical analysis. The Shapiro-Wilk Test for Normality was conducted which confirmed that the
results were normally distributed since p>0.05 for both fluency and flexibility scores [17].

The results of the Paired Sample T-Test revealed that participants had higher mean fluency and
flexibility scores while conducting the ideation task within the traditional environment. The test
displayed that the effect the collaborative environment had on the fluency scores was statistically
significant since p<0.05 [19]. Cohen’s d was used to calculate the size of the effect the collaborative
environment had. The results showed that the different collaborative environments had a large effect on
the fluency scores since d>0.8. Therefore, confirming that conducting the collaborative ideation task in
a digital environment has a large and statistically significant negative effect on the number of concepts
produced when comparing it to working in a traditional environment.

Although the mean flexibility scores were higher within the traditional environment, the Paired Sample
T-Test showed that the difference was statistically insignificant and after calculating Cohen’s d the
results showed that the effect size is considered small. This showed that when working in the different
collaborative environments there is a minimal and insignificant effect on the number of categories
produced within the ideation task. However, further testing with a larger sample size and other ideation
tasks could be conducted to see if the effect on flexibility is still minimal.

The results from the experiment reveal the results of the hypotheses:

HO: Participants will produce a higher fluency score while working in the traditional environment.

H1: Participants will produce a higher flexibility score while working in the traditional environment.
The results from the experiment showed that hypothesis HO could be confirmed as the flexibility scores
while working in the traditional environment were higher and the mean difference was confirmed to be
statistically significant. Although the scores for the flexibility scores were also higher in the traditional
environment, hypothesis H1 could not be confirmed as the analysis of the results showed that the
difference was too small to be considered statistically significant. Therefore, the results from the
analysis, could not confirm hypothesis H1.

Limitations of the study include a small sample size, inconsistent familiarity with the iPad as a sketching
tool, inconsistent familiarity with MURAL as an ideation tool, limited evaluation of the outcomes of the
ideation which may in the future include novelty, elaboration, quality and originality. The limitations of
this work could be minimised through repeating the experiment with a larger sample size as this would
result in more accurate mean values which could be used to display the true effect the different
collaborative environments have on the ideation task. The participants chosen for the experiment should
be given a longer training period with both digital sketching on the device and the use of MURAL for
the ideation task so that they can be more familiar with the software. The digital set-up could also be
improved by having a separate screen displaying the MURAL board as a whole, to allow better visibility
of the participants partner’s concepts to be used as inspiration. Finally, the experiment could also be
repeated with external reviewers measuring for novelty, elaboration and originality to display the effects
the collaborative environments have on creativity as a whole.

5 CONCLUSIONS

The use of CAD technology has been long established within the later stages of design, such as 3D CAD
for detailed design, finite element analysis and manufacture and assembly modelling. However, there
are a lack of effective technologies developed to support collaborative conceptual design as this has
traditionally been completed in a face-to-face environment using paper-based sketching. This poses a
risk to the design process during the move to distributed working. To support distributed ‘working from
home’ the research community needs to build an understanding of the similarities and differences
between collocated design activities and distributed design activities so that effective solutions can be
developed so that conceptual design tasks can be conducted in person or digitally with equal impact.
The experiment was designed to test the effect the different collaborative environment has on the
outcome of an ideation task. The experiment was complete with 16 participants. The ideation task
selected for this experiment was ‘“brainstorming” using sticky notes. During the experiment, the
participants were given two equally difficult design project briefs which they used to conduct the
brainstorming ideation task. The participants completed one of the briefs in the digital environment and
the other brief in the traditional environment.

The experiment results concluded that conducting the ideation task within the digital environment had
a large and statistically significant effect on the fluency scores, confirming hypothesis HO. There was
only a small and statistically insignificant effect on the flexibility scores, therefore, H1 could not be
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confirmed. Further testing with a larger sample size and different ideation tasks would be required to
display the effect on flexibility more accurately and confirm whether this is truly insignificant.
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