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ABSTRACT

There have been recent efforts at the Singapore University of Technology and Design (SUTD) in
identifying levels of design competency to support teaching and assessment, which has resulted in the
development of the Design Competency Assessment (DesCA) framework. One competency area in this
framework is prototyping. To understand the nature of prototyping activities, an extensive literature
review was conducted along with an empirical study at SUTD to address the following research
questions: How do individual instructors define prototyping? What roles do prototypes play in the
design process in courses at the university? What prototyping frameworks, methods, and tools are
introduced in these courses? Herein we report preliminary results based on 17 interviews with SUTD
instructors from different disciplines, who teach, supervise, or are interested in prototyping. Insights
from this work include: (1) variations in definitions of what a prototype is across different fields, (2)
lack of intentionality in prototyping, and (3) missing associated competencies, including how to select
appropriate prototyping methods and tools. Taken together, these insights will allow us to re-examine
the way prototyping is taught and how prototyping is represented in the DesCA framework.
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1 INTRODUCTION

Prototyping is a key feature of design and a common activity in design education. We define a prototype
to be “a physical or digital embodiment of critical elements of the intended design, and an iterative tool
to enhance communication, enable learning, and inform decision-making at any point in the design
process” [1]. Literature has established the importance of prototyping in design education. Prototyping
with a clear purpose allows students to avoid wasting costly resources while maximising the opportunity
to obtain valuable insights for improvement [2][3]. Yet, prototyping is “consistently described as a one
step process” when taught [3], with the focus on the building of prototypes themselves rather than the
whole process, including planning, analysing results from testing and communicating. The authors have
been involved in design education for many years and can confirm this first-hand: prototyping is often
seen as making without much thought into what, why and how. Our literature review reveals that, apart
from competencies required to build prototypes, those required for comprehensive and successful
prototyping are not always clearly defined. This may be the reason that these competencies are often not
explicitly taught nor assessed. While design literature does provide a wide range of design support for
prototyping, i.e., frameworks, methods, and tools [4][5], these are not often incorporated into education
or linked to specific prototyping competencies. Our research aims to identify the role of prototyping in
education, how it is taught and assessed, what competencies are required, and—in subsequent work—
integrate this understanding and suitable methods and tools into a design competency framework to
support educators.

1.1 State of the art and research questions

Purposeful prototyping is linked to an understanding of the different roles that prototypes play in design
[6]. These roles have been summarised at various levels of detail in ref. [1][7][8]. While students who
have taken undergraduate engineering design courses might be familiar with the classification of
prototypes along the physical/analytical and comprehensive/focused dimensions [9], they might be
unaware of the existence of other prototyping frameworks [8][10][11][12]. In addition, heuristics have
been used to describe prototyping strategies in design science [2][3], yet these are not often applied in
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design education. Most salient of all tools have been developed, such as the prototyping canvas [13] and
the prototyping planner [14], which show promising results, but have yet to be disseminated and
integrated with design support currently being used in design education [5].

While some work has compiled and related design support to various phases of the design process
[15][16][17], most support, including that for prototyping, does not make explicit the design
competencies they foster or require. We follow in our research the prior work on competencies at our
university, the Singapore University of Technology and Design (SUTD), defining competency as an
overarching term comprising knowledge, skills, attitudes and behaviours [18]. Knowing these
competencies will help in the design of courses and programmes.

This prior work includes the Design Competency Assessment (DesCA) framework which maps design
competencies to phases in the design process, learning outcomes, and associated design support, to
enable instructors to plan and develop the design content of their courses in a manner that facilitates
teaching and assessment [19]. DesCA is still a work-in-progress. The research reported here adds value
by exploring the nature of prototyping activities carried out at the university to provide preliminary
insights to the following research questions:

RQ1: How do individual instructors define prototyping?

RQ2: What roles do prototypes play in the design process in courses at the university?

RQ3: What prototyping frameworks, methods, and tools are introduced in these courses?

This will provide the basis for defining prototyping competencies.

2 METHODOLOGIES

2.1 Participants

The study methodology involved in-depth interviews conducted between June and September 2021 with
instructors of undergraduate courses at SUTD that involved prototyping. We approached the course
leads of all courses, that, according to the course descriptions available from the different pillar/cluster
websites, were requiring a prototype as one of the deliverables, using a preliminary definition of a
prototype—anything that is a physical or digital artifact. In total, 79 email invites spanning 68 courses
were sent out, with 17 course leads agreeing to participate in the study. Course leads who were also
instructors of other shortlisted courses were interviewed about each course they taught, resulting in data
of 27 courses, representing each of SUTD’s pillars and clusters (Table 1).

Table 1. Participant breakdown by affiliation

Affiliation Pillar/Cluster | Contacted | Responded

Architecture and Sustainable Design (ASD) Pillar 14 2
Engineering Product Development (EPD) Pillar 21 2
Engineering Systems and Design (ESD) Pillar 13 2
Humanities, Arts and Social Science (HASS) Cluster 3 2
Information Systems Technology and Design (ISTD) Pillar 19 4
Science, Mathematics and Technology (SMT) Cluster 9 5

Total 79 17

2.2 Data collection

Instructors were given a choice between online or in-person interviews. Prior to the interview, instructors
were briefed about the study, asked for permission for an audio recording to be made, and asked to share
course materials. Two instructors declined audio recording. In those cases, handwritten notes were taken
by the interviewer instead. All interviews were conducted solely by the student researcher (first author),
with the co-investigator (second author) observing two of them. Interview questions spanned (1) the
instructor’s perception of prototyping, (2) the purpose and nature of prototypes done in the
course/project, (3) prototyping skills students can expect to learn by the end of the course/project, (4)
prototyping tools and methods taught/used in the course/project, and (5) the assessment of prototypes
and prototyping competencies. Questions that were not applicable to an instructor, based on their
descriptions of what was done in a course/project, were skipped over at the interviewer’s discretion.
Each interview lasted about an hour.
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2.3 Data analysis

Transcription of audio recordings were performed using Microsoft Word’s Transcribe function. Initial
coding was done in Microsoft Excel in the following ways for each research question.

To answer RQ1: How do individual instructors define prototyping?, examples of prototypes and non-
prototypes provided by instructors were classified, with their reasons as to what differentiates a
prototype from a non-prototype noted. Future work will use inductive coding on the responses.

To answer RQ2: What roles do prototypes play in the design process in courses at the university?,
abductive thematic analysis was first carried out on instructors’ responses to relevant questions asked.
Coding was subsequently expanded to the entire interview when it was noticed that answers to other
questions asked contained implicit purposes of prototyping. An abductive approach provided a
foundation for prior literature on the roles of prototypes to be incorporated, while allowing new themes
from our study to emerge. In particular, the seminal work by ref. [1] on the role of prototypes in
companies was chosen for a priori codebook development over the comprehensive literature review in
ref. [8] because the former provided a more fine-grained set of categories of roles than the latter.
However, the empirical study conducted by ref. [1] differed from our study as the former took place in
an industrial context, whereas our study is based in an educational context.

To address RQ3: What prototyping frameworks, methods and tools are introduced in these courses?, a
more exploratory analysis strategy was taken, whereby any frameworks, methods, and tools mentioned
were listed and grouped into categories.

3 RESULTS AND DISCUSSION
The results presented below are preliminary and only cover the first three research questions of our
project. A comprehensive and in-depth analysis of the interviews is still ongoing at the time of writing.

3.1 Variations in definitions of prototypes

While most instructors could agree that prototypes are works-in-progress, we observed wide-ranging
definitions, with variations across pillars/cluster. Examples cited by instructors from the ISTD pillar
include software, programmes, and applications, while ESD pillar instructors felt that only algorithms
or software with a certain degree of functionality can be considered prototypes. Instructors from the
EPD npillar tended to regard prototypes as physical objects with certain functions, while ASD pillar
instructors referred to scaled physical models and virtual artifacts as prototypes. An interesting
observation was the translation of prototyping into instructors’ own disciplines, best exemplified
through instructor SM02 (mathematics).

SMO02: If you think of a prototype being a model, like a mathematical model of how you find the velocity
of an object given some acceleration data, at the end what you produce is a model that approximates
the acceleration somehow. You could think of that as a ‘soft’ prototype.

We also noticed that only a few instructors were aware that variations exist in the perception of what a
prototype is, but this was not articulated unless prompted. This could mean that instructors might not be
actively aware of the possibility that definitions of prototypes can vary between disciplines, and
therefore, might not communicate this to students.

3.2 Contention along the boundaries of what makes a prototype

In addition, we found certain areas of contention between what instructors would and would not consider
prototypes, such as sketches, drawings, diagrams, and numerical simulations. Apart from being field
dependent, we posit that these discrepancies might also be linked to purposes of prototyping perceived
by instructors. For example, if the purpose of prototyping is to facilitate communication between
designers and end-users, then every sketch, drawing and diagram should be considered a prototype.
However, if the purpose of prototyping is solely to aid in learning about the technical feasibility of a
functional subsystem, then the abovementioned might not be considered as prototypes. This level of
metacognition was not articulated by any of the instructors, and we hypothesise that it is likely not
communicated to students either. The implication of the above observations is that as students proceed
from a common first-year curriculum into their respective pillars (majors), their perceptions of
prototyping might become pillar dependent. However, when students work together in multidisciplinary
teams for their mandatory final year capstone design project, these variations in definition might create
misunderstanding and miscommunication in the team.

EPDE2022/1256



3.3 Lack of intentionality in prototyping

We found that purposes of prototyping varied across pillars and clusters as well (Table 2). While we did
not ask instructors if these purposes of prototyping were communicated to students, in our experience
they are not. Hence, students might fail to appreciate the roles and importance of prototyping in the
design process. Moreover, we discovered in courses that have a stronger industry focus, such as in ESD,
the roles of prototypes are similar to those found in industry [1], whereas in EPD, there seems to be a
gap between the views of industry and education on the purposes of prototyping, despite design projects
done in collaboration with industry, such as the capstone design project. We also note that some
instructors did not really explain why they chose to include prototyping in their courses, such as in the
case of instructor 1SO3 (software).

Interviewer: Based on your own definition of prototyping, would you say a prototype is necessary for
each of these courses you teach?

IS03: So, the short answer is definitely, yes... | mean, | cannot imagine a software engineering course
which does not have [prototyping]. It would be quite necessary. | don't know how I can elaborate.
Interviewer: So, my next question is, why do you include prototyping in your course? | understand that
based on what you said for the software engineering side...

IS03: | mean, this is just the nature of the course. You know, like you are teaching a software
development course from a problem statement to the prototype, but without effort or time like it's a direct
contradiction, right?

This reflects a possible lack of intentionality for prototyping, which exacerbates the problem of
incongruity within activities carried out in those and subsequent courses. Students cannot be expected
to understand the purpose(s) of prototyping if these are not communicated to them.

Table 2. Purposes of prototyping in various courses as mentioned by the instructors

Purposes of Prototyping Common Pillar/cluster specific courses
courses* | SMT | ASD | EPD | ESD | ISTD

Gathering feedback for iteration v
Gathering feedback on stakeholder preferences v
Testing of certain functions v v
Hands-on way of applying concepts taught v v
Applying skills taught in the course v v v
Gaining confidence in building artifacts v
Encouraging risk-taking behaviour v

* Design courses that are mandatory for all students

3.4 Missing competencies during introduction of frameworks, methods and tools

We noticed that no frameworks were mentioned. The prototyping tools and methods that were
introduced varied from course to course. When tools and methods are not taught, students are asked to
rely on training provided by SUTD’s fabrication lab (FabLab) or teach themselves. In the case of most
EPD and ASD courses, tools used to prototype, such as laser cutters, 3D printers, and CNC mills and
lathes are introduced in the lecture, but students are to rely on FabLab training to learn how to use it. In
the case of most ISTD and ESD courses, students learn about tools (e.g., programming languages) and
methods (e.g., modular code, object-oriented programming). One competency that was largely missing
from the interviews, however, was how to select appropriate (fit-for-purpose) prototyping methods and
tools. While some instructors were not cognisant of this competency, those who were gave various
reasons for not including this in their courses, ranging from the belief that students should pick up this
competency on their own, to a lack of time, such as the case of instructor EP0O2 (engineering design).
Interviewer: Do you also teach students how to select the best prototyping tool, or is it more like telling
them that, ‘Oh, I think this is the tool you should use "?

EPO02: So, | have one lecture, I think, where I [talk] about the fabrication approaches, when | basically
go through in broad strokes, I kind of tackle that. Like so this type of fabrication approaches, for example
subtractive [manufacturing], are better for these types of scenarios where you want to achieve this type
of resolution or when you're working with these types of materials.

This instructor was one of the very few whose response suggests that a prescriptive approach was
outlined to students regarding the selection of appropriate methods and tools albeit in broad strokes. Yet,
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it was only upon further clarification that we realised that instructor EP02 was actually aware of the
selection strategy. However, we are unsure if this was explicitly taught to students in the course.

EPO02: So, for example if you're building a little car, and you need an axle for the drive train. And that
axle is meant to support a lot of weight, or a certain weight and have low friction... | would just buy a
stock steel or hard metal and cut it to size, or machine something down to the diameter you want.
Because with a metal you will get a higher load capability, and also when you machine it with a lathe,
for example, you can get a smooth surface that will give you very low friction. So that's what | mean,
that you should keep your objective in mind. What are the functional requirements of the part that you
are trying to prototype, and are those aligned with the process that you're choosing?

The implication of not teaching the process of selecting the most suitable prototyping methods and tools
is especially salient and threefold: (1) students might waste resources and time by using methods and
tools that are not fit for purpose, because they did not consider this, (2) the lessons learnt by students
after such trial-and-error processes might contain misconceptions, and (3) students who do not know the
fundamental criteria for selection of appropriate methods and tools might find it harder to apply new
methods and tools that they pick up in industry. Therefore, there is a need to teach the whole prototyping
process based on experiences and expertise in the respective fields to enhance student learning.

4 LIMITATIONS AND CONCLUSION

In summary, based on our sample of 17 instructors, while many agree that prototypes are works-in-
progress, variations in what constitutes a prototype exist across disciplines. We found that what
individual instructors perceive as the purpose(s) of prototyping in design also influences how they
differentiate prototypes from non-prototypes. Unsurprisingly, the roles prototypes play differs between
courses. Of the main purposes of prototyping [1]—enable communication, aid in learning, and inform
decision making—enabling communicating was not mentioned by our interviewees. We did find
additional purposes, though, compared to the detailed categories of [1] (industry perspective) and [7]
(education perspective): hands-on way of applying concepts taught (including chemistry, mathematics,
and physics concepts), gaining confidence, and encouraging risk-taking behaviour (see Table 2). We
hope this finding triggers a review of the purposes of prototyping in education and a comparison with
industry. Furthermore, even though no prototyping framework was articulated by any of the instructors,
they do introduce a wide variety of discipline-specific methods and tools, they often rely on FabLab
staff to train the students. More importantly, we realised that the competency of selecting appropriate
prototyping methods and tools is largely missing in all courses.

The following limitations of the study have been identified. Firstly, the study was conducted at SUTD,
whose curriculum arguably has a far larger emphasis on design than most technical universities. The
findings may thus be specific to SUTD. Secondly, some instructors provided data about up to three
courses, i.e., their view may have influenced our findings more than the views of other instructors.
Thirdly, for courses with multiple instructors, as is common in design, methods of instruction can be
expected to differ within a single course. Due to time constraints, we have chosen to reach out to course
leads, accepting that discrepancies and coherence within courses would be hardly accounted for.
Despite its recognised importance, the purposes and process of prototyping seem to lack explicit
attention in education, where large differences in understanding about the role of prototyping exist. It is
necessary to identify the competencies, methods and tools required for effective prototyping, accounting
for differences between disciplines, and to develop a framework to aid instructors and students. This
will be the focus of our future work, which centres on DesCA [19] as the integrating framework.
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