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ABSTRACT

This paper introduces the Sustainable Prototyping Life Cycle
for Digital Fabrication, an adaptation from the Life Cycle
Assessment method that presents the environmental impact
of digital fabrication in every phase of prototyping. The cy-
cle has four phases: raw materials acquisition, manufacturing
and distribution, use, and end of life. It presents designers as
manufacturers of their own materials for digital fabrication,
and bio-based materials are used as an alternative and sus-
tainable prototyping material. We interviewed ten experts in
digital fabrication and introduced the use of bio-based materi-
als such as mycelium-composite for prototyping with digital
fabrication.Using experts’ reflections, we conducted a work-
shop about the environmental impact of prototyping with 22
design students. We reported their decisions on materials
used for prototyping and their perception of using mycelium-
composite within the Sustainable Prototyping Life Cycle. Our
aim is to increase environmental awareness in prototyping
and highlight the importance of designers’ decision-making
through the cycle.

Author Keywords
Sustainable Making; Prototyping; LCA; Digital Fabrication;
Bio-based Materials; Mycelium-composite; Sustainability

CCS Concepts
*Human-centered computing — User studies; Interface de-

sign prototyping;

INTRODUCTION

There is concern regarding how sustainable and environmen-
tally friendly the practice of digital fabrication is as well as
the materials used for prototyping [17]. This topic has also
been a concern in the HCI community. Muller and Baudisch’s
monograph, for instance, states that sustainability is one of the
challenges that research in personal fabrication should address
for long term success [4]. Prototyping with digital fabrication
includes the use of materials and machines. There are methods
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and tools to assess quantitatively or qualitatively the environ-
mental impact of design, in terms of CO, emissions, energy
consumption, land depletion, and waste. For instance, the
Life Cycle Assessment (LCA) is a cradle-to-grave method to
evaluate potential environmental impacts of not only materials
but products, processes, or services [3], [23]. We made a vari-
ation in the LCA method to design a Sustainable Prototyping
Life Cycle for Digital Fabrication where designers become
manufacturers of their own prototyping material with the aim
to make the practice of prototyping more sustainable. The
cycle has four phases: the acquisition of raw materials, the
processes used for manufacturing the material and distribute
them to the designers’ labs, the use phase which includes the
digital fabrication techniques used for making the prototypes,
and finally the end of life phase which is basically the way we
dispose our prototypes when we do not use them anymore.

We grew and used mycelium-composite, the roots of fungi, as
a prototyping material because it has low impact and presents
suitable properties for prototyping such as heat resistance,
thermal resistance, lightweight, shapeable and hydrophobic
[2]. The main contributions on this paper include:

1) The adaptation of the LCA for digital fabrication. We called
it Sustainable Prototyping Life Cycle for Digital Fabrication.
It presents the environmental impact in every phase of proto-
typing with digital fabrication. We implemented the cycle with
bio-based materials to envision an alternative and sustainable
material.

2) Online survey with 60 users of digital fabrication techniques,
qualitative interviews to 10 experts, and a workshop with 22
design students to investigate how environmental impacts are
understood and considered in prototyping practices in different
design groups. Reflections and the potential of using bio-based
materials for prototyping.

3) Implications for design practitioners, researchers, and edu-
cators to address environmental sustainability in their lab or
when teaching this topic in a classroom.

The paper contains Related Work that outlines how DIS com-
munity has addressed environmental sustainability and the use
of bio-based materials for prototyping in design, Sustainable
Prototyping Life Cycle that presents the notion and process
of sustainable prototyping, The Current Work in which we
present observations and findings obtained from studying how



designers perceived and used bio-based materials to prototype.
We then discuss the findings and conclude this paper.

RELATED WORK

Sustainability in the field of Human Computer Interaction
(SHCI) has been addressed from different research approaches
such as Sustainable Interaction Design (SID), which promotes
renewal and reuse of objects or systems [5], or Sustainability
in Design [21] which considers the issues related to energy
footprint, reduction of waste, reuse, and recycling to design
products [26].

For addressing sustainability in the making process, Roedl and
Bardwell highlighted the makers’ role as agents of positive
social change due to their ability to repair and reuse artifacts
[27]. Researchers in the DIS community have also had an
approach to the topic of sustainable making [27]. Some in-
vestigations rely into reducing waste [6], [7], designing with
reused materials, found and broken objects [13], or the prac-
tice of reusing electronics creatively [16]. In our project, we
take sustainable making beyond a reusable process (end of life
phase), but we pay attention to the whole prototyping cycle
that includes the use of low impact materials, techniques and
machines to design or prototype more sustainably.

Materials play an important role in digital fabrication, because
they have the ability to influence ways of making. Designing
for material recuperation [31], or using materials as specu-
lative tools [32], [11], [20] shows innovation of materials in
the design community. Alternative sustainable 3D printing
materials have been also researched [22], [8], as well as a
study that can improve the environmental implications of 3D
printing with novel materials [9]. If materials have started
changing the way we design, they can also be agents of pos-
itive environmental impact while transitioning to a circular
design practice.

An emergent sub-field of design is called bio design [30]. The
use of bio-based materials in this sub-field such as bioplas-
tics, bacterial cellulose or algae have been adopted for many
designers across the globe and within many design fields.
Researchers and designers have found a big opportunity in
bio-based materials, especially the ones created with living
organisms such as mycelium, to show novel possibilities in
design to reduce designers’ environmental impact[15].

For instance, Suzanne Lee pioneered the use of bacterial cellu-
lose to make clothing [19], mycelium-skin has been used to
make more sustainable wearables [29], mycelium-composite
was used to embed electronics [28] or to make low-fidelity
3D models [33], and bio-plastics have been used to make
garments and accessories such as bags. Between the most
common bio-based materials, mycelium is potentially suit-
able for replacing MDF, cardboard, or mat board due to its
heat resistance, thermal resistance, and the properties of being
lightweight, shapeable and hydrophobic [14].

Looking into the end of life of common prototyping materi-
als (Tab.1), bio-based materials such as mycelium-composite
takes up to 90 days to degrade in natural conditions, unlike
MDF that takes 13 years to degrade in the landfill because it

is not a recyclable material. A few types of acrylic are recy-
clable, however the ones that are not will take up to 400 years
to degrade in the landfill. Cardboard which is a recyclable
material can take up to 2 years to degrade if it ends up in the
landfill. Digital fabrication techniques used for laser cutting
common materials such as MDF and acrylic emit toxic fumes
when laser cutting because of the composition in the material,
unlike bio-based materials that do not have any toxic additives
or resins on the material’s composition.

Degradation Recycle Compost Danger Common  Application
Time (laser cutting)  Thickness
Biomaterial -B Craft,
) 90 days No Yes un - 1-7.5mm .
(mycelium) -Catch fire decorative
-Smoke
MDF -High Technical,
(Fiberboard) 13 years No No formaldehyde 3-10mm decorative
-Fumes
-Melting B
. Technical,
Acrylic 400 years Yes No -Fire hazardous 2-5mm e
decorative
-Fumes
-Burn Craft,
Cardboard 2 years Yes Yes _Catch fire 3-6mm | orative
ics* -B up to
Fabrics 30-200 years Yes No urn P Decorative

(nylon, polyester) -Catch fire 1mm

Table 1: End of Life of common prototyping materials and
mycelium-composite [2], [10], [25].

SUSTAINABLE PROTOTYPING LIFE CYCLE

We present a sustainable prototyping life cycle (Fig.1) to ad-
dress the environmental impact of prototyping with digital
fabrication which includes four phases: Raw materials ac-
quisition (materials needed to make a bio-based material),
Manufacture and distribution (make the material adequate for
digital fabrication and deliver it to the lab), Use (decision-
making of materials and digital fabrication techniques to use
for prototyping), End of Life (reuse, recycling and disposal of
prototyping materials).

The cycle’s phases were adapted from the traditional Life
Cycle Analysis method which examines the environmental
impacts of a product by considering the major stages of a prod-
uct’s life [3]. For the purpose of this study, we translated those
concepts into the phases that are involved in a prototyping life
cycle.

Raw Materials Acquisition

This stage includes material harvesting and transportation to
manufacturing sites. In our cycle, this phase includes the raw
materials we need to make our prototyping material, or in case
we buy it, we won’t have a direct participation in this phase but
the emissions generated in this phase will still be part of the
environmental impact of prototyping. For instance, to make
kombucha fabric, the raw materials would be the symbiotic
colony of bacteria and yeast (SCOBY), black tea, water and
granulated sugar; to make mycelium-composite (mycoboards),
the raw materials would be straw, hemp or flax inoculated
with mycelium, flour, and water (Fig.2); to make one type of
bio-plastic, the raw materials would be glycerine, cornstarch,
white vinegar and distilled water.

Mycelium is a fast-growing vegetative part of a fungus which
is a safe, inert, renewable, natural and green material which
grows in a mass of branched fibers, attaching to its own envi-
ronment [1]. Mycelium based materials have a wide variety



the cooking process in a stove, the drying process in cooking
sheets or mats and under the sun or using a dehydrator.

Regarding distribution in this phase, it is usually related to the
CO, emissions generated by the type of transportation used
to deliver the materials to the nal distributor. In our cycle,
we can avoid having that environmental impact if we grow or
make our materials in our own lab or nearby facilities.

Growing mycelium (Fig.2) in any substrate such as ax
or hemp takes about 12 to 15 days in regular conditions
which are at room temperature and humidity. The growing
process can be divided in three: the activation, the molding
and the compression process. For the rst 2 phases, the
mycelium-composite should grow in a dark area before drying
the mycoboards in the oven or under the sun. For the last
phase, a manual hydraulic press machine is necessary to
perform the material compression.

Figure 1. Sustainable Prototyping Life Cycle and the emissions released

in each phase. Activation process We used an already commercialized

'‘Grow-It-Yourself' Mushroom Material [12] which contains
the mycelium in a dormant status combined with hemp (sub-
strate) where the mycelium is going to grow through. To start
the activation process, we added our and water inside the bag
and we stored it in a dark area for about 4-6 days at room tem-
perature (27C or 80 F). After that time, the substrate will turn
into a white color that indicates the mycelium colonization

Figure 2. Raw materials to make mycelium-composite: a. Flax, b. hemp, ~ was successful(Fig.3b).
c. our and water . L .
Molding processAfter the activation process, the mycelium-

composite material is ready to use. We break the material
of applications and they have the advantage of low cost of down and it is transferred to a mold and it starts growing in
their raw materials ( ax, hemp, coffee grounds, aspen, or any that shape (Fig.3a). For this study, we transferred the material
other brous substrate). It has natural heat resistant, thermalto at rectangular molds with different thicknesses from 5mm
resistant, lightweight, degree of strength, shapeable and hyto 9mm. We covered the molds with a bioplastic Im and
drophobic properties [14], which makes it adequate to embedmade some cuts in the surface to enable the mycelium to
electronics [28] or prototyping. breath. After, we put the molds in a dark area for about 4-6

days until it becomes white again (Fig.3b). Finally, we took
Manufacturing and Distribution tEe grown( éno)gob%eérgls; )out of their: molds_andl_?ut th(Tm into

: : ; the oven or to stop the growing life cycle or

This stage includes product manufacturing and assembly, packthey can also be dried under the sun for about 2 days. This

aging, and transportation to nal distribution. In our cycle, this tep is basicallv o kill th um lif | d to obtai
phase includes the processes necessary to make our prototyg-cP 'S Pasically to kil theé mycelium fife cycie and o obtain

ing material inert and in a shape that we can digital fabricate mycoboards. After this phase, the mycoboards are ready for
later (laser cut, 3D print or CNC machine). Energy, fuel 1€ cOmpression process.

consumption and emissions are considered part of the environ-

mental impact of prototyping in this phase, even if we do not

have an active participation in the manufacturing process. For

example, to make kombucha fabric, the manufacturing phase

would go from the growing to the harvesting of our prototyp-

ing material. It will include the containers to grow the bacteria

culture until we get the desired thickness in our wet mat (about Figure 3. Manufacturing process in the lab to make mycelium-composite
Sweeks)’ th.e Was_hlng process with COId_ soapy water, the dy'(m(‘:’ycobo'ards): a. Breaﬁiﬁg down the material, b. Grgwing the ma[t)erial

ing process if desired, and nally the drying process that can i, molds, c. Compressing the material

be outside in the sun or in a dehydrator; to make mycelium-

composite (mycoboards), this phase will include the molds Compression processWe used a manual hydraulic press
(cooking sheets) in which we will grow the material for 6 days, machine to perform the compression tests in the 5mm and
the drying process that can be under the sun or in an oven9mm. mycoboards. We went through this step because we
and the compression process using a hydraulic compressor tavanted to simulate a regular material for prototyping such
get even mycoboards and in the desired thickness to laser cuais cardboard or matboard which are not only thin materials
later (Fig.3); to make bio-plastic, this phase would include but even. We applied different pressures per inch (psi) on the
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