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Abstract: Prototyping physical artifacts is a fundamental activity for both product development in
industrial and engineering design domains and the development of digital fabrication skills. Proto-
typing is also essential for human-centric problem-solving in design education. Digital fabrication
assists in rapid prototype development through computer-aided design and manufacturing tools.
Due to the spread of makerspaces like fabrication laboratories (FabLabs) around the world, the use
of digital fabrication tools for prototyping in educational institutes is becoming increasingly com-
mon. Studies on the social, environmental, and economic sustainability of digital fabrication have
been carried out. However, none of them focus on sustainability and prototyping-based digital fab-
rication tools or design education. To bridge this research gap, a conceptual framework for sustain-
able prototyping based on a five-stage design thinking model is proposed. The framework, which
is based on a comprehensive literature review of social, economic, and environmental sustainability
factors of digital fabrication, is applied to evaluate a prototyping process that took place in a FabLab
in an education context aimed at enhancing sustainability. Three case studies are used to evaluate
the proposed framework. Based on the findings, recommendations are presented for sustainable
prototyping using digital fabrication tools.

Keywords: sustainability indicators; prototyping; digital fabrication; design education; FabLab;
makerspace

1. Introduction

Various definitions of a prototype can be found in the literature [1-3]. In this study,
a prototype is defined as “a concrete representation of part or all of an interactive system”
and as “a tangible artefact, not an abstract description that requires interpretation” [4]. As
the word prototype suggests, it is the outcome of the prototyping activity. Indeed, the
prototyping activity and its outcome help to improve design [1,5,6]. Prototyping provides
an opportunity to transform a design idea into a tangible form. This activity is frequently
carried out by product development designers from the earlier stages of the design pro-
cess. Architects, engineers, and designers use prototypes for concept testing and evalua-
tion purposes. Prototyping is highly relevant in design education, where students learn
how to produce creative idea solutions for real-life problems [7]. Different types of proto-
type processes exist [6,8]. Digital fabrication is one of them [9] and is largely affected by
the manner that designers think.

Design thinking is concerned with the generation of ideas while tackling a design
problem and transforming them into a solution. Among many models that can be found
in the literature, Stanford’s design thinking model relates to a well-established conceptual
framework in which the development of a solution leads to a concrete product [10]. This
model is used for the sake of creating human-centric product solutions. It is composed of
five steps, the fourth of which is to prototype. This is the step where prototyping, digital
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fabrication, and design thinking come into place [9]. In the present technological era, dig-
ital fabrication is characterized by the use of convenient techniques that facilitate the rapid
creation of tangible prototypes using CAD and CAM tools. The digital fabrication tech-
niques are used in a variety of disciplines ranging from architectural to industrial design
[7,11-13]. Several studies have examined the role of digital fabrication tools in the design
education context. Kim [14] highlights the importance of digital fabrication tools such as
parametric design software, 3D printers (additive manufacturing), and Computer numer-
ical control (CNC) milling (subtractive manufacturing process) in architectural design ed-
ucation. Researchers explore the contribution of these techniques in STEM and STEAM
education [15-18]. Digital fabrication techniques have gained popularity in educational
environments all over the world, mainly due to the influential role of the Fabrication La-
boratory (FabLab) from MIT [19], the makerspaces [20], and the rapid prototyping labor-
atories [21].

The increasing use of these digital fabrication tools raises questions regarding the
extent to which the fabrication process can be sustainable and has become the core of the
debate in the literature. For example, Corsini and Moultrie [22] conducted a comprehen-
sive study on the social aspects of digital fabrication for humanitarian development. They
suggested a framework aimed at dealing with the social sustainability of design imple-
mented through digital fabrication [22]. In another study, the life cycle assessment (LCA)
of a digital fabrication-based prototype was discussed by Lazaro Vasquez et al. [23]. In
their work, the use of conventional materials for prototype development is replaced by
biomaterial to improve the environmental sustainability and life cycle of prototypes. Koh-
tala et al. [24] propose the use of new technologies and environmentally friendly materials
to improve sustainability in digital fabrication. Agusti-Juan et al. [25], who studied the
role of 3D printing to improve sustainability in construction, offer environmental guide-
lines to make digital fabrication tools more sustainable.

The above studies explore social, environmental, or economic aspects of sustainabil-
ity but do not investigate all these aspects together. Digital fabrication tools used for pro-
totyping are not only relevant at the higher education level, but also for STEM and pri-
mary education [20]. Despite its importance, no study has addressed sustainability and
prototyping-based digital fabrication tools in the design education context. A conceptual
framework focusing on all major aspects of sustainability in digital fabrication-based pro-
totyping in the educational environment has yet to be proposed to fill this research gap.
Therefore, the objectives of the present study are: firstly, based on existing literature, to
propose a conceptual framework that combines design thinking, digital fabrication-based
prototyping, and sustainability and secondly, to test this comprehensive conceptual
framework empirically in the context of design education. It is expected that the present
study will allow a deeper understanding of the contribution of sustainability to digital
fabrication during design problem-solving, with important implications for education en-
vironments such as design courses dictated in FabLabs. The outcomes of this study will
encourage designers, instructors, and students to become more aware of the importance
of sustainability in the digital fabrication process. For the scope of this study see Figure 1.
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Figure 1. Scope of this study.
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2. Literature Review

To explore the existing work on sustainability issues in digital fabrication-based pro-
jects, a comprehensive literature review is conducted. After inspecting the scope of this
topic, four major keywords were identified: profotype or prototyping, sustainable or sustain-
ability, digital fabrication, and design education. Carrying out an initial search using prototype
or prototyping keywords led to too many results, and using all four keywords at once
ended up with only a few outcomes. Hence, it was decided to stick with sustainable or
sustainability and digital fabrication keywords to gain a comprehensive view of the litera-
ture on sustainability issues in digital fabrication. A logical approach was adopted to find
relevant peer-reviewed articles available on the Scopus and Web of Science databases us-
ing the AND operator between sustainable or sustainability and digital fabrication keywords.
The decision to use Scopus and Web of Science databases as search tools was made sense
because they cover many academic disciplines of science, arts, and engineering. The cur-
rent search was limited to peer-reviewed journal articles published in English. A total of
64 journal articles were initially found in these databases. Forty-five articles remained af-
ter removing duplicates. The next phase consisted of screening for relevant articles.
Twenty-six out of 45 articles were found to be related to the application of digital fabrica-
tion in architecture and construction. After removing duplicates and irrelevant articles,
only 16 articles were found to be relevant to the scope of this research. After a discussion
among all the authors, two conferences [23,26] and one further journal article [27] were
identified through snowballing and included in the literature review due to their rele-
vance and contribution to this study. In total, 19 articles were found to be eligible for in-
clusion in the literature review. The complete searching process is described in Figure 2.
The filters and instructions used during the search are provided in Table 1.
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Figure 2. Literature review process.

Table 1. Criteria used while carrying out the literature search.

Search (Sustainable OR Sustainability) AND “Digital Fabrication”
Database Scopus and Web of Science
Document Type Journal Articles
Language English
Articles selected only focused on sustainability issues in digital
Relevance fabrication while designing or making a product or its proto-
type

Date 19 November 2020
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Table 2 summarizes all 19 articles we found in the literature review described above.
It also indicates the focus of the research papers included in the review in terms of the
sustainability aspect they address and its context (i.e., digital fabrication, prototyping, or
design education). It is worth mentioning that there is a limited number of articles center-
ing on the sustainability of prototyping using digital fabrication in the educational con-
text. Hence, this is the gap addressed in this article. However, the sustainability of digital
fabrication tools is a topic that is widely discussed [24,28-30]. Digital fabrication is the
technology used for prototyping and product design and development [11,31]. This is
why research on the sustainability of digital fabrication can be related to prototyping ac-
tivity. The prototyping activity is largely based on digital fabrication tools due to their
availability in most makerspaces and FabLabs in many universities around the globe [32].

Table 2. Literature review summary.
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2.1. Social Sustainability

Social sustainability is a central topic discussed in many articles in the literature (see
Table 2). This notion is defined in many ways in the literature [42—44]. In this study, the
clear and simple definition by Corsini and Moultrie was adopted: “Social sustainability is
necessary to sustain positive change that addresses pressing social challenges” [22]. These
authors proposed a framework for social sustainability evaluation of designs made
through digital fabrication for the humanitarian development sector. The first two stages
(product and process) of that framework are applicable for digital fabrication-based pro-
totypes, provided that the technology (digital fabrication) considered in their study is sim-
ilar to that employed in the present research.

2.2. Environmental and Economic Sustainability

Environmental sustainability is another central concept discussed in the literature
[13,14,25]. To understand this notion in digital fabrication-based projects, two factors
should be referred to: the material and the process used in making the prototypes [23,45].
Literature addressing the environmental sustainability of digital fabrication recommends
the use of renewable material and the efficient employment of tools [11,38]. Forthcoming
design projects can be evaluated by the life cycle assessment (LCA) approach [23]. In the
digital fabrication context, LCA centers on issues such as waste reduction, energy con-
sumption, recycling, and reuse.

Prendeville et al. [27] noted that embedding the concept of circular economy and re-
distributed manufacturing in makerspaces (place with digital fabrication tools) can create
a suitable environment for sustainable product development. It hinges on product reuse,
repair, remanufacture, and recycling. This notion is in contrast to conventional linear
economy, which is to take-make—waste products. The concept of redistributed manufac-
turing is to make the product locally instead of at a centralized production facility. It can
reduce supply chains and transportation. Redistributed manufacturing therefore reduces
environmental impact due to energy consumption and transportation. It can be concluded
that reuse, repair, remanufacture, and local manufacturing are the factors for the environ-
mental and economic sustainability of digital fabrication-based production. Hence, the
environmental and economic sustainability of digital fabrication-based projects can be di-
vided into material and process groups, which are discussed below.

2.2.1. Environmental and Economic Impacts of Materials Used in Digital Fabrication

Vasquez et al. [23] proposed a life cycle assessment method based on material and
manufacturing processes for digital fabrication projects and concluded that the use of bi-
omaterials in prototyping contributes to making the process more sustainable. These re-
searchers also indicated that waste reduction can improve sustainability in prototyping
activity in FabLabs. They found that laser-cutting- and 3D printing-based prototypes gen-
erate 37% and 22% of waste, respectively. They also indicated the end-of-life and recycling
factor of sustainability in their findings. Moreover, they showed that 47.5% of unused
prototypes are placed in FabLabs for more than one year after their usage, and 27.5% are
kept for 6 months to a year in FabLabs and become part of the waste. Nevertheless, many
components of these prototypes, such as electronic components and material, can be re-
used or recycled. Since electronic components are among the most common parts used in
digital fabrication-based prototypes, the reuse of these components can help in the reduc-
tion of e-waste [26,46]. Similar studies about environmental and economical sustainability
indicators are listed in Table 2. Transportation was also identified as an important indica-
tor affecting design sustainability. Birtchnell et al. [47] noted that the environmental im-
pact due to long-distance transportation can be reduced by making products locally. This
is aligned with the concept of redistributed manufacturing described by Prendeville et al.
[27].
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2.2.2. Environmental and Economic Impacts of Machines Used in Digital Fabrication

The machinery employed in digital fabrication has an important effect on environ-
mental and economic aspects. Faludi et al. studied the environmental impacts of 3D print-
ers and CNC machines, considering popular digital fabrication tools [48]. While analyzing
the environmental impact, these researchers focused on energy consumption, material
waste, and high and low utilization of these types of equipment. They reported that en-
ergy consumption of 3D printers is frequent, but in the case of higher utilization of CNC
machines, material waste becomes much higher. However, they found that energy utili-
zation in idle time was an important parameter that reduces energy efficiency. They con-
cluded that higher and well-planned utilization of 3D printers and CNC machines can
balance energy consumption or machine usage for the produced parts. Similar parameters
were considered to evaluate the environmental impact of these machines [49,50]. A laser
cutter machine was found to emit gases that are not considered environmentally friendly
[51]. When employed for cutting metal and engraving any other material, they consume
even more energy than CNC machines [52]. However, the gas emission produced could
be reduced by selecting the appropriate material and type of laser cutter, i.e., fiber or CO2
types. In addition to the environmental impact, the cost of usage of metal cutting machines
is also studied in literature [53].

2.3. Sustainability Indicators

In the first stage, the authors identified from the literature 20 sustainability indicators
in the context of digital fabrication. In a second stage, they classified these indicators into
three main categories based on their usability and applicability. The indicators and their
corresponding categories are summarized in Table 3, with corresponding references.

The recycling indicator reflects the use of recyclable material [23,39]. The reusability
indicator represents the reuse of electronic components and material from previously
built projects/prototypes [26,46]. The transportation indicator refers to local production and
the use of locally available materials to reduce environmental and economic transporta-
tion impact [25,27]. The energy consumption indicator denotes the energy utilized by ma-
chines in the manufacturing process [25,45,48]. The waste reduction indicator represents
the excessive use of material during the fabrication process [23,45,46,54]. Material waste
is usually caused when the prototyping process lacks optimization and therefore leads to
more than a single iteration. The emission indicator represents the emission of unsafe gases
like HCN, NO2, CO, COz;, HOCH, CoCl: and styrene from laser cutting machines
[23,51,55]. The amount and type of emission depend on the material used and the type of
laser cutter (Fiber/COz2) [51]. The end-of-life indicator refers to the possibility of reusing
parts and material of the prototype after testing it [23,56]. This factor can be attained by
utilizing most of the material of the current prototype for future prototypes. Finally, the
social sustainability indicators were based on the work of Corsini and Moultrie [22], who
grouped them into product and process categories. The product category included: need,
suitable, access, usability, quality, adjustability, inclusive and complementary. The process cat-
egory included: local manufacture, local control and repair, collaborative, transparent, and scal-
able. These social sustainability indicators refer to the degree of social sustainability prod-
uct design possesses.

3. Materials and Methods

From the literature review outlined above, it can be concluded that there is an emerg-
ing body of work on sustainability regarding digital fabrication, but not in connection to
prototyping in general, or prototyping in design education in particular. Dealing with this
research gap can be helpful to enhance sustainability awareness in prototyping activities
carried out in FabLabs [57] and makerspaces [58]. To this aim, a conceptual framework
for sustainable prototyping based on a five-stage design thinking model is proposed. The
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framework, which is based on a comprehensive literature review of social, economic, and
environmental sustainability factors of digital fabrication, is described as follows.

3.1. Stanford Design Thinking Process

The Stanford design thinking process [10] is a human-centric model used to solve
commercial real-life problems. The model was found to be effective in design education,
since it offers a systematic approach to tackling problems and coming up with creative
solutions [59]. Because of its effectiveness, it is used in education and in this study. It con-
sists of the following five stages: empathize, define, ideate, prototype, and test. Instead of
using a linear approach, it uses a continuous process to improve the solution. In the em-
pathy stage, the user needs and opinions are analyzed by a personal interview. The de-
signer tries to understand all the aspects of the product related to the user before design-
ing the product in the empathy stage. In the definition stage, a one line definition of the
core problem is written to clearly express and explain the problem. This definition also
includes the requirement of the product under question. In the ideate stage, designers
have to come up with all possible ideas to create the product. In the prototype stage, a
working model is created that can solve the user problem, and this prototype also helps
to improve the design with users’ input. In the test stage, the prototype is provided for
the user to use, and the designer seeks information on how the product is used and notices
the features that can be improved.

Our study mainly focuses on the last three stages of the design thinking model, as
they are directly related to the prototyping process. Hence, only the stages of the model
rather than the interaction loops were included in the Stanford design thinking process
[10].

3.2. Digital Fabrication

Rapid prototype development using digital fabrication tools is considered the most
convenient approach for prototyping. These tools provide the facility to create computer
designs of the prototype first, and then use them to make the prototype. This approach is
called computer aided design (CAD) and computer aided manufacturing (CAM). Digital
fabrication tools are also increasingly popular because of makerspaces around the globe.
One example is the digital fabrication laboratory (FabLab) idea presented by Neil
Gershenfeld [19]. FabLabs have become very popular educational environments, as there
are more than 1000 FabLabs with digital fabrication facilities in universities, colleges, and
schools [60]. FabLab provides facilities for all digital fabrication tools, such as 3D design-
ing and printing, electronic circuit design and PCB milling, large CNC machines, 3D scan-
ning, laser cutting, molding, and casting. These laboratories are highly suitable for proto-
typing activities using digital fabrication tools. Fleischmann et al. [38] commented, “Fab
Labs can potentially be the places that encourage sustainable design, where people can
produce products locally and think about the various implications for the environment
and society of their design”. Hence, making digital fabrication-based prototyping sustain-
able will have a significant impact on the associated environmental, social, and economic
factors.

3.3. Proposed Framework for Sustainable Design and Prototyping

The sustainability indicators of digital fabrication identified in the literature (see Table
3) are related to the five-stage Stanford design thinking model as part of the proposed
conceptual framework (see Figure 3). The first and second stages of the model consist of
understanding and defining the design problem, and therefore they do not relate to any
sustainability measure. The third stage is about ideation, where ideas are generated for
further product development. Once an idea is selected, it is evaluated for social sustaina-
bility using the Design for Social sustainability (DfSS) framework [22], as shown in Figure
3. The fourth stage of the design thinking process is to prototype. In this stage, digital
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fabrication is employed as the main tool for developing the prototype. This activity can
be divided into three parts: designing using CAD software, material, and process. In the
first part, the design of the prototype is produced. The design optimization using CAD
software helps to reduce energy consumption, waste induced, and gas emissions. The
three indicators of energy consumption, waste induced, and gas emission focus on the
main sustainability indicators concerned with the prototyping process. The three other
sustainability indicators dealing with recycling, reusability, and use of local material
(transportation) are related to the materials used during the prototyping activity. The final
stage of the design model consists of testing the prototype. In consequence, the prototype
can be disassembled, and the reusable parts can be detached. This is called an end-of-life
indicator, as shown in Figure 3.

Design Thinking Digital Fabrication Su;:::;l;iity

Empathize 7
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—_— Design for social
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machining, electronics
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and programming
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Figure 3. Proposed framework for digital fabrication based sustainable design and prototyping.

3.4. Principles of Digital Fabrication Course

The proposed framework for digital fabrication-based sustainable design and proto-
typing was implemented in the Principles of Digital Fabrication course. The course, which
included 87 students, was aimed at helping develop design knowledge and skills during
a digital fabrication process in a FabLab environment. Moreover, a major aim was to pro-
mote several aspects of sustainability. At the beginning of the academic period, course
leaders gave a series of six lectures to students on sustainable design and prototyping
practices. These included presentations focusing on the main themes included in the pro-
posed framework, including awareness of design and sustainability. Above all, the lec-
tures were aimed at enhancing the theoretical background of sustainability and of digital
fabrication tools and their application in transforming ideas into a physical prototype. In
the second part of the course, students implemented the content delivered in the lectures
in a practical design prototyping task. During this period, relying on the expert opinion
of instructors and other specialized personnel, optimal solutions were encouraged by
providing feedback on the design ideas for the prototypes, alternative solutions, materi-
als, and the reuse of existing product components. Explicit and detailed instructions were
given to the students to optimize the digital fabrication process and materials. As part of
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the course philosophy, a portion of the electronic components in the produced prototypes
were reused in later courses.

The design task of the course was to design an interactive 3D prototype, create basic
electronics, implement control logic for an open hardware embedded board, design me-
chanical parts for prototype, and work in teams on a project. Some of goals of the course
consisted of designing mechanical components by using solid modeling tools, building
necessary electronics, implementing software with a microcontroller, and creating a pro-
totype of a physical interactive gadget. The course was offered as part of a BScin computer
science, but students from other programs in the university participated. Students worked
in teams of three to four members. They were free to decide the type of project they
wanted to work on. However, digital fabrication tools were requested for the develop-
ment of the design prototype. At the beginning, they were guided by their instructors on
how to generate design ideas while working with teammates. Teams were encouraged to
post the ongoing development of their project on a web-based blog (website provided by
the course instructors). The weekly posts were available to both students and instructors
to visit and comment on. Another course requirement was to document the prototyping
process so that they could post all the problems they had faced and the approaches they
used to solve them. Students were asked to finalize the project by the end of the seventh
week, after which the instructors reviewed the design process and the produced out-
comes. Scores were assigned to students based on the quality of the design prototypes, on
sustainability and digital fabrication indicators, and on the design process and outcomes
outlined in the proposed framework.

3.5. Selection of Case Studies

Three case studies were used as examples of the outcomes produced by the students
in the Principle of Digital Fabrication course to evaluate the relevance of the proposed
framework. These projects were selected based on the following criteria: first, a minimum
of three to four students working in a team to develop the prototype (co-creation); second,
the project was carried out in a FabLab educational setting, where students learn to gen-
erate ideas and develop prototype solutions using a human-centric approach (based on
the five-stage design thinking model); third, the produced documentation embraced the
last three stages of the design thinking model concerned with the prototyping process;
finally, digital fabrication tools were used to produce the prototype.

To evaluate the sustainability of each of the case studies based on the proposed con-
ceptual framework, sustainability indicators were applied by considering criteria for eval-
uation that included product, process, and material (see Table 3). The criteria were taken
or adapted from the referred literature. The motivation for analyzing these cases is to test
key elements of the proposed framework and discuss their application in digital fabrica-
tion-based projects in an educational design context.

3.6. Assessment

Sustainability indicators were evaluated independently by two design experts using
a five-point Likert scale, ranging from 1 (low) to 5 (high). Each expert had at least 10 years
of experience in supporting students in prototyping using digital fabrication tools.

4. Results

Table 4 depicts the assessment (mean score) by the two design experts of the sustain-
ability indicators for each of the three case studies. The level of agreement between the
evaluators was tested with Cohen’s [61] kappa coefficient. The value of kappa calculated
in this study was 0.73 (Table 5). These « values ranging from 0.61 to 0.81 represent signif-
icant agreement, and values ranging from 0.81 to 1.0 represent perfect agreement [62].
There is significant agreement among the assessors in most of the indicators, separate case
studies, and overall.
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Table 3. Evaluation criteria of sustainability indicators.
Category Indicator Criteria Reference
Need Does the user or community need it?
Suitable Is it socially, culturally a'nd environmentally appro-
priate?
Access Is it accessible and affordable now and in the future?
Usability Is it solution easily understood and easy to use?
. Is it robust and long-lasting? Does it meet the nec-
Quality
Product essary standard? [22,63,64]
Adjustability Is it flexible and adaptive to changing circum-
stances?
mclusive Is it inclusive of margln.a'lzzed groups, or does it pri-
oritize specific user groups?
Does it support existing solutions and avoid unnec-
Complementary
essary redundancy?
Local
oca Can it be manufactured locally?
manufacture
Local control and repair Can it be controlled, maintained, and repaired?
Collaborative Does it consider and engage with all stakeholders?  [22,56,65]
Transparent Is there supporting documentation? Is information
shared?
Scalable Is the production process replicable and scalable?
Is the shared use of machines considered? Are
ided?
Process Energy. standby mtodes avoz'de'd : . [254548]
consumption Is the prototype made with the minimum possible it-
erations?
Is the design optimized using relevant software
Waste prior to manufacture?
. Is an appropriate machine selected for the task?  [23,45,46,54]
reduction . . . . ,
Is the minimum number of iterations considered in
making a prototype?
D . .
Emission oes the manufacturing process cause the emission [23,51,55]
of unwanted gas (e.g., use of a laser cutter)?
Is the use of environmentally friendly materials (like
Recycle cardboard and biomaterials) considered in makinga  [23,39]
prototype?
. Reusability Are any u'sefd ma'zterials' or electronic components [26,46]
Material utilized in making the prototype?
Is th de usi labl -
Transportation s the prototype made urs;;;(g locally available mate [25,27]
End of life What are the useful parts after testing the proto- [23,56]

type?
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Table 4. Sustainability evaluation results for case studies 1, 2, and 3.

Category Sustainability Indicators Case Study1 Case Study2 Case Study 3 Type of Indicators
Need 4 5 1
Suitable 4.5 5 3 *
—
Access 5 5 3.5 %
Usability 5 4.5 1 R
Product o
roduc Quality 2 4 2 5
Adjustability 4 35 1 2
Inclusive 5 5 1 ;t‘:
=
Complementary 4.5 5 3 3
Local Manufacture 5 5 4 3
Local control and repair 5 5 4 7:
Collaborative 5 5 5 'g
Process Transparent 5 5 5 @
Scalable 1 4.5 1.5
Energy Consumption 5 1.5 o _TIS
Waste reduction 4.5 1.5 - 'g ®
Emission 5 1.5 1 *% % -‘%
Recycle 5 4 3 g o —g
- g .9 g
Material Reusabﬂlty 5 2 4 £ g S
Transportation 4 2 2 = £
End of Life 4 3 15 =g
Table 5. Cohen’s kappa « evaluation of agreement between the two referees.
Category or Case Name Kappa (k) N of Valid Cases Sig.
Process 0.607 24 <0.001
Indicator Product 0.721 24 <0.001
Material 0.889 12 <0.001
Case study 1 0.722 20 <0.001
Case study Case study 2 0.706 20 <0.001
Case study 3 0.676 20 <0.001
Overall 0.730 60 <0.001

4.1. Case Study 1

The first example is a design project entitled the escaping clock. The main goal was to
produce a prototype of an alarm clock that can force people to wake up from bed to turn
the clock off. The device contained motors, an LCD, and a microcontroller board as electric
circuits to control all inputs and output devices. A tilt sensor was used to monitor whether
clock was stable in its defined position, and a battery was used to power all electric de-
vices. The complete documentation of the prototyping process was reported using a web-
based blog. The prototype is shown in Figure 4a.

Based on the conceptual framework proposed in Section 3.3, sustainability indicators
defined in Table 3 were used to evaluate the sustainability of the escaping clock project. The
need indicator, related to the necessity to wake up to turn off the alarm, was satisfactory.
The product was also evaluated as suitable, considering that it was culturally and environ-
mentally appropriate. It was considered accessible and affordable for the users, bearing in
mind that its component parts can be purchased at low cost, or made in any FabLab, and
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are simple to use. However, the fact that cardboard is not a durable material for long-term
use compromises the quality of the prototype. Regarding adjustability, the product was
considered of satisfactory value as it can be upgraded through additional features, such
as communication with mobile phones. Since the prototype was designed using standard
components made in the university FabLab, it was also regarded as successful in terms of
the complementary technology and local manufacturing indicator. The prototype can be re-
paired locally in FabLab. While all stakeholders (users and makers) were involved in the
design and prototyping process, the project was evaluated as the outcome of a collabora-
tive effort. The prototyping process was deemed transparent, since the documentation was
available on a web-based blog and accessible for instructors and the other teams partici-
pating in the course. While manufacturing the clock from scratch, no heavy machinery
(e.g., laser cutter, CNC, or 3D printer) requiring high energy consumption was required.
Hence, a low amount of energy was consumed. Since a laser cutter machine was not re-
quired, the emission factor did not pose any threats. Cardboard was used to make the pro-
ject casing and was assessed as a recyclable material. Only one design iteration was neces-
sary to produce the prototype, and therefore no material was wasted. After testing the
prototype, electronic components such as buttons, the LCD, and the microcontroller can
be reused in other projects. A large part of the material used in the project was locally
purchased, and hence no long-distance transportation was necessary. After the testing
and dissembling phase, the material used in the prototype can be recycled and its elec-
tronic components reused, positively affecting the end-of-life indicator.

(a) (b) (c)

Figure 4. Design prototypes produced by the teams of students. (a) Case study 1: escaping clock;
(b) case study 2: smart blinds; and (c) case study 3: catapult.

4.2. Case Study 2

This project is called smart blinds. The design team intended to tilt Venetian blinds
at different angles automatically using light sensors. After making five iterations for the
casing, they ended up with a medium-density fiberboard (MDF) casing to hold the blinds
and electronic parts of the project. The casing was made using a laser cutter and designed
through an online tool called “Boxes.py”. Electronic components included a photoresistor
as a light detecting sensor, servo motors as actuators to tilt blinds, and a microcontroller
board to control all parts of the project. Two attempts were made to make a printed circuit
board (PCB) through a CNC milling machine. This PCB was used to integrate all the com-
ponents on a single board. All electronic parts were imported, and MDF for the casing
was locally available (see Figure 4b).

Manually adjusting window blinds daily can be an annoying experience for users.
Therefore, products such as smart blinds are very much needed. This product causes no
environmental damage and is socially suitable. High-quality materials and processes like
MDF for the casing, PCB for electronic components, and automatic control using sensors
turn the smart blinds into a good quality prototype with high fidelity (quality, access, and
usability). A feature that makes this prototype inclusive is that it can be automatically op-
erated, and hence users should not concern themselves with controlling the functions.
Moreover, the product can communicate with other devices and can be adjusted according
to user requirements. Another important factor is that it is complementary with existing
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technology, machines, and other commercially available electronic components. The
product is locally and collaboratively manufactured in a local FabLab, and the documenta-
tion is available on a website blog. This reflects the transparency of the process, which can
be an advantage when repair might be needed. The production process is also scalable, as
the casing is cut through a laser cutter. Consequently, the same files can be used for large-
scale production. The MDF material used for casing is environmentally friendly and there-
fore can be recycled. On the other hand, the electronic components are new and in the
future can be reused in any other prototypes. In contrast, sustainability indicators that were
not achieved in this design project are energy consumption, waste reduction, emission, and
transportation, since most of the product components were imported from foreign coun-
tries. Moreover, multiple attempts were made to optimize the casing using a laser cutter,
which caused an increase in waste generated, higher energy consumption, and unwanted
gas emitted. After testing the prototype, MDF could be recycled and some electronic com-
ponents could be reused; hence, the end-of-life indicator was partially achieved (see Table
4).

4.3. Case Study 3

This project is named Catapult. The objective was to design a small catapult with ac-
tuators, which can be seen as elements changing electrical energy to mechanical that op-
erate and control the device via a mobile application. The project was completed after
producing three prototypes using cardboard material and a laser cutter. The final proto-
type included two 3D printed components. The electronics parts were motors, Bluetooth
connection modules, and a dedicated electronic circuit to control all the electronic devices
of the project. A mobile application was created to communicate with the product (see
Figure 4c).

This project incorporates the element of fun and means to learn fabrication skills and
therefore was not intended to fulfill any kind of user needs. The prototype was evaluated
as culturally and environmentally appropriate (suitable). It uses cheap and commercially
available components (access). The Catapult is a purpose-built prototype, and hence usa-
bility was not a problem. However, its adjustability for including further features was pos-
sible. It was evaluated as a low-quality prototype, since it uses cardboard as the main struc-
ture material and provides no protection to electronic circuits. The project was made in
collaboration with a team of students working in a local FabLab (local manufacture) for
learning purposes, and it does not target other users. Therefore, it does not fulfill the cri-
terion of inclusiveness. Transparency was achieved given that the complete documentation
for the process was available on a web blog. Since the electronic components were im-
ported, some parts of the project needed long-distance transportation. Since three proto-
type iterations took place during the prototyping process, waste reduction was disregarded,
and vast energy was consumed. Moreover, the prototyping process generated unwanted
gas emissions as a laser cutter was used multiple times. While the project used purpose-
built electronic circuits, only a few components (Bluetooth and motors) could be reused
after the testing phase. Therefore, the end-of-life indicator was not satisfactory (see Table
4).

5. Discussion

Findings and observations derived from the assessment of the case studies are dis-
cussed concerning the proposed framework. The section is organized into three parts
dealing with product, process, and material.

5.1. Product

The sustainability indicator under the product category reflected the level of social
sustainability of the design prototype [22,29]. From the analysis of the case studies, the
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overall importance of the social sustainability indicators was observed to be directly re-
lated to the quality of a design project. This was particularly evidenced in case studies 1
and 2, where most social sustainability indicators were attained. Both designs were found
to be socially viable, since they were used to solve real-life problems. Therefore, it can be
said that the social sustainability indicator is largely concerned with the design and usa-
bility of the product. In educational settings, a larger awareness of social sustainability
indicators can make students’ projects more practical and beneficial for society.

5.2. Process

In the proposed framework, the sustainability of the prototyping process is divided
into two parts: social sustainability and economic and environmental sustainability. The
social sustainability of the fabrication process hinges on five factors: local manufacture,
local repair and control, collaborative, transparent, and scalable [22]. In all case studies,
four out of the five indicators were met. This is because in educational prototyping activ-
ities, students can design the full prototype locally in FabLab. This makes the design ac-
tivity collaborative and locally manufactured. Students also shared the documentation
generated during prototyping with their instructors, which made the process more trans-
parent. Hence, it can be said that teamwork in FabLab environments contributes to shar-
ing and communicating information, which makes the prototyping process sustainable.

The three indicators, energy consumption, waste reduction, and emission, were iden-
tified in this study as responsible for environmental and economic sustainability indica-
tors of the prototyping process. A reason all three indicators were attained in case study
1 is that the prototype was produced in only one iteration without using machines like a
laser cutter, which led to minimum waste. In contrast, in case studies 2 and 3, prototypes
were produced after three to five iterations, which involved a heavier use of the laser cut-
ter machine and correspondingly higher energy consumption and induced waste. Hence,
reducing the number of iterations in the prototyping activity can contribute to reducing
energy usage, waste, and gas emissions. However, this contradicts the philosophy of Fab-
Labs, which stated that multiple iterations of prototypes are considered helpful in improv-
ing design learning [66]. As a tradeoff and as a way to reduce iterations, it is recommended
to optimize the design activity using CAD software before producing the concrete proto-

type.

5.3. Material

The type of material used during the prototyping activity can also be helpful to im-
prove design sustainability when the material is recyclable [23]. This was the case in all
three examples analyzed in this study. To improve suitability, microcontrollers, integrated
circuits, sensors, and motors employed in the prototyping activity can be reused in the
same design or in future projects [46]. It was observed that in case studies 1 and 2, the
reusability of electronic components was present. This is because general-purpose elec-
tronic components were used. Employing general purpose electronic boards and sensors
in prototypes allows reusability in future prototypes. Finally, local availability of materi-
als and parts was found to reduce transportation costs, hence improving design sustaina-
bility [26,46]. This finding is aligned with Fleischmann et al. [38], who used cork—a natu-
rally available and renewable material —in a project located in Portugal and found that
this had a significantly positive impact on the sustainability of the final design. The pro-
cess through which cork is made also causes zero emissions of harmful gases into the
environment [67].

5.4. Guidelines for Sustainable Designing and Prototyping

Based on the study findings, guidelines can be suggested to ensure sustainable pro-
totyping of design artifacts. (1) Follow the systematic approach provided by the design
thinking model. (2) Involve users in the designing process and incorporate their needs
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and desires at the early stages. (3) Design a product/prototype making use of the locally
available materials, since this will help to fabricate environmentally friendly and eco-
nomic end products. (4) Use CAD software to optimize the design in terms of material
usage and time required for machining. (5) Avoid idle modes of machines and maximize
machine utilization by engaging in more than one job at a time to make this process more
efficient. (6) Select appropriate machines by considering their energy usage and material
wastage. (7) Do your best to reuse electronic components from prior prototypes. (8) Think
about the environmental impact of the materials before selecting them for the prototype.
(9) Make use of a general-purpose electronic circuit to increase reusability. (10) Disassem-
ble the prototype after testing and recycle used material to the best of your abilities.

6. Conclusions

Prototyping is an important aspect of design education, new product development,
learning digital fabrication skills, and STEM education. This activity is carried out in Fab-
Labs and makerspaces around the globe. The topic of sustainability is a main concern for
digital fabrication tools used for product design, and its many facets have been widely
studied over the last decade. This study proposes a comprehensive and novel conceptual
framework that incorporates the Stanford five-stage design thinking model, key sustain-
ability indicators identified in the literature (i.e., social, environmental, and economic),
and digital fabrication components (i.e., material and process) aimed at evaluating sus-
tainable prototyping processes and outcomes. The framework was tested against three
case studies that served as concrete examples to discuss best practices in the educational
environment.

From the literature review conducted in this study, it is also concluded that sustain-
ability concerning prototyping in design education is a relatively unexplored field that
deserves more investigation. Hence, the conceptual framework can be of assistance for
researchers as well as for educational programs interested in promoting and evaluating
sustainability issues in environments such as FabLabs. This work is limited to prototyping
using digital fabrication tools. Therefore, it can be extended to and compared with other
types of prototyping processes and tools. The environmental and economic sustainability
indicators identified in this study can also be employed in sustainability evaluation for
industrial and commercial product designs using new product development strategies.
Moreover, no sustainability article specifically focusing on purely economic factors in re-
lation to digital fabrication was found in the literature review; hence, no sustainability
indicator that specifically focuses on economic aspects alone was included in the proposed
conceptual framework. However, the proposed framework potentially could be extended
in the future to include such an indicator.
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