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Abstract: Fashion constitutes a sector with a high environmental impact, particularly
because of shorter product life cycles and an exponential increase in the speed of pro-
duction and in the number of goods created, sold, or unconsumed and thrashed. This
paper aims to explore new perspectives of design and production processes toward
environmental, social, and cultural sustainability through bio-fabrication. After an
analysis of the context of reference and a review of existing literature, the research
focuses on experimentation with bacterial cellulose (BC) to investigate the limits and
potentials of controlled growth, waste processing and integration, accessories creation
and recyclability, and the assembly/disassembly of clothing and/or accessories at the
end of life.
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1. Introduction

The significant repercussions of Covid-19 on every aspect of life (Saladino et al., 2020,
Tisdell, 2020; Maital & Barzani, 2020), are also influencing the fashion system (McKinsey &
Company, 2020), revealing more evidently the systemic problem of this sector linked not
only to the mismanagement of sustainable aspects but also to the business and consump-
tion models currently induced.

The fashion industry needs a radical change toward sustainability through a holistic ap-
proach that considers the ecological, economic, social, and cultural impacts (Ceschin & Gazi-
ulusoy, 2016). Making the fashion industry more sustainable in such complexity, means im-
plementing changes within the supply chain, especially acting on the design and production
processes, through new technologies that will impact new textile materials, and the result-
ing garments and/or accessories.

A possible path in this direction concerns the use of new materials based on living organisms
and biotechnology used for the biofabrication of textiles, especially as a replacement for ani-
mal skin (Provin et al., 2021). Through a structured synergy between the world of design and
biofabrication, it is possible to determine a socio-environmental and cultural impact on the

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 Interna-
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fashion sector (leather goods sector), through the reduction of consumption of raw materi-
als and resources and thanks to the implementation of new production paradigms able to
alter the traditional logic without depriving the output of the expressive-sensory, experien-
tial, and cultural value, thus obtaining positive social impacts. As designers, we could influ-
ence the necessary positive change thanks to the inner designerly knowledge and material
selection skills. If the designer becomes a creator of sustainable and functional materials for
the fashion system, then real transformational change can take place. Bacterial cellulose
(BC) may be a material with a strategic role in the development of new zero-waste design
and production strategies, low-impact physical-sensorial characterization, and programma-
ble dismantling.

This issue will be explored through a preliminary experimental investigation conducted

at Politecnico di Milano and aimed at empirically defining possible application pathways for
BC in pure form or integrated with other waste materials, as well as the drying, assembly,
and disassembly processes surrounding it. Conclusions will reflect critically upon limits and
opportunities of BC application in the fashion sector toward environmental, social, and cul-
tural sustainability.

2. Literature review

2.1 Multiperspective sustainability impacts of the fashion industry in the leather
goods sector

The socio-environmental impact of animal or synthetic leather is crucial: animal leather

is the most demanded in products but, at the same time, the most polluting (Dixit et al.,
2015) and ethically discussed due to unfavorable conditions for animal welfare (Jain et al.,
2020). The raw material is subjected to processes that include cutting off unwanted parts,
with consequent production of waste, and the treatment of leathers with alkaline solutions
to remove unwanted substances and increase the permeability of the material. Finally, dur-
ing tanning, post-tanning, and finishing processes, aimed at conferring physical and aesthetic
properties to the material, a large amount of chemically altered water is re-injected as
wastewater (Lofrano et al., 2013; Ozgunay et al., 2007; Ritterbusch et al., 2019). Although
solid waste from these processes can be recycled into new raw materials such as soap, bio-
diesel, and fat liquor (Ahmad & Ansari, 2013; Colak et al., 2005; Ravindranath & Gopalakrish-
nan, 2010), the overall environmental and ethical impact of the traditional tanning industry
to date is too high in relation to increasing standards of sustainability.

Alternatively, synthetic or vegan leathers derive from the transformation of polymers such
as polyvinyl chloride (PVC) or polyurethane (PU) (PETA, 2021), so from non-renewable re-
sources that in the production phase are harmful to humans and polluting the environment.
In addition, during their use, they release non-biodegradable microplastics that are spread
into the environment (CHEJ, 2004; Davis, 2020; EPA, 2014).
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An issue that involves the entire fashion industry is related to overproduction whereby only
30% of the clothing produced is sold at the set price, another 30% is put on sale and the re-
maining 40% remains unsold (Danigelis, 2017), resulting in incineration or landfill and the
production of about 10% of global carbon emissions (Dhir, 2021). This phenomenon is fur-
ther amplified by the fast fashion business model which contributes to the shortening of
their lifecycle and a consequent increase in textile waste, of which, only less than 1% is used
for the production of new clothing (Ellen MacArthur Foundation, 2017).

Outsourcing of production to developing countries is used to relocate environmental im-
pacts (Claudio, 2007) and to exploit underpaid labor in precarious working conditions. This
strategy implies additional negative effects from obsolete and inefficient production facili-
ties and infrastructure, with poor controls over resource management and chemical-con-
taminated effluent that result in greater impacts both on the environment and also to hu-
man health (Joseph & Nithya, 2009). In fact, increased risks of developing cancer or other
forms of terminal illness have been found in tanning workers (Decouple, 2013; Garai, 2014;
Munny et al., 2019). The same conditions have also been found in employees in the vegan
leather industry, from fossil-based polymers due to the gasses released during their manu-
facture and the chemical additives used during the production process (CHEJ, 2004; Davis,
2020; EPA, 2014).

A further consequence of outsourcing is the weakening of local know-how: de-localization

implies a loss of the heritage of craftsmanship, technical skills, knowledge of materials, and
processes derived from a long succession of inventions and innovations that occurred over
generations (Barrére, 2013) and difficult to recover once abandoned.

Finally, the value and cultural impact of the leather goods sector revolves around the quality,
good craftsmanship, and aesthetic appeal of the material itself (De Klerk et al., 2019), these
fundamental characteristics have also been widely reproduced in artificial leather manufac-
turing.

Nowadays, the growing awareness regarding sustainability issues has led to a shift in con-
sumer behavior that shows a tendency to give increasingly more value to the ethical implica-
tions of what they buy (Manchiraju & Sadachar, 2014; Pagiaslis & Krontalis, 2014); socio-en-
vironmental sustainability results today as a new dimension necessary to attribute quality
and desirability to the product (De Klerk et al., 2019; Kianpour et al., 2014).

We are therefore witnessing the possibility of a detachment from the traditional conception
of leather, the user is increasingly willing to move away from a usual perception of the prod-
uct in a perspective of sustainability that can combine "green aesthetic" and fashion appeal
(Sauerwein et al., 2017). Among this, the use of bio-fabrication as an emerging method for
the production of new types of "skins" may offer an answer to the current overproduction,
as well as encourage alternative zero-waste strategies and avoid the problems generated by
outsourcing.
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2.2 Brief overview of alternative bio and circular leather-like materials
In this panorama, there is a growing need for biodegradable and cruelty-free leather substi-
tute materials. Therefore, circular strategies, accompanied by new production technologies,
are developed to increase the ecological and social sustainability of the leather goods indus-
try (Hildebrandt et al., 2021; Milly, 2019; Qua, 2019; Quijano, 2017; Wood, 2019).

Obtaining ethically sustainable and environmentally friendly leather turns out to be a practi-
cable trajectory starting from naturally based materials (Meyer et al., 2021). An example is
MusSkin, a fully biodegradable mushroom skin whose production is carried out without the
use of toxic substances making it safe for the health of the human being (producer and user)
and compatible with the environment (Bustillos et al., 2020; Grado Zero Innovations, 2017).
Produced from pineapple leaves combined with polylactic acid (PLA) bioplastic, Pinatex is a
leather-like material that is not found to be 100% biodegradable despite adhering to circular
economy principles (Ananas Anam Ltd, 2021; Meyer et al., 2021).

Another strategy comes from the use of waste materials from the food industry, such as At-
lantic Leather, which recycles skins from fish raised following high standards of sustainabil-
ity, making use of a by-product that would otherwise be discarded (Palomino & Defeo,
2018). Another interesting opportunity is the integration of living organisms (Ginsberg &
Chieza, 2018) as functional components in the creation of new biocompatible and biode-
gradable materials through biofabrication processes.

2.3 Design of biofabricated organic materials and processes toward
sustainability

In the contemporary scenario, the contamination between the world of design and that of
biofabrication appears to be an emerging theme, on which many research groups are con-
verging in a widespread way. The term "biofabrication" (Fritz et al., 1994) refers to a tech-
nology that aims at the construction of artifacts or semi-finished products using materials or
processes derived from biology; it’s a process that "deals with science, engineering and tech-
nology or production, based on using living matter as raw materials" (Mironov et al., 2009).
In particular, it’s possible to distinguish two different production strategies: engineering pro-
cesses such as bioprinting (Yang et al., 2019), and natural processes of bioassembly of the
material itself, which will be the topic of discussion in this paper due to the greater potential
for reducing the environmental footprint and improve the socio-cultural impact of the prod-
ucts. Given this context, numerous applied studies are developing a design and production
methodology capable of incorporating living organisms to create biomaterials through the
design hybridization of nature and its growth processes (Myers, 2012; Camere & Karana,
2017). The resulting biomaterials or Growing Materials (GMs) contain biomass, are biode-
gradable, and are inherently made through biological processes and/or are biologically de-
rived (Lee et al., 2020).
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GMs are manufactured from living organisms such as fungi (Karana et al., 2018), algae (Wjf-
fels et al., 2013), and bacteria (Lee, 2011). Their main properties are the possibility of assem-
bly with nanometric precision, differentiated cultivation to influence the intrinsic properties
of the material of which they are composed (Wu et al., 2004), the ability to self-assemble
through hierarchical structures visible at the macroscopic level (Lehn, 2002; Seeman &
Belcher, 2002; Whitesides & Grzybowski, 2002), and the programmability of growth in pre-
determined shapes with consequent limitation of material waste. Widely used in the medical
field, microelectronics sector, and packaging, in this paper, they will be investigated in the
fashion design sector, where Bacterial Cellulose (BC) GMs are widely applied in the fashion-
tech area, showing themselves as sustainable alternatives to traditional solutions.

BC is created by activator bacteria placed in a sweetened tea base; the bacteria, nourishing
on the glucose in the liquid, initiate a fermentation process that leads to the formation of
Kombucha, a commercially popular beverage in markets around the world (da Silva et al.,
2021). Fermentation also stimulates the growth of additional bacteria that distribute them-
selves in layers on the surface of the liquid, leading to the formation of macroscopic organic
structures that are completely natural and biodegradable (Laavanya et al., 2021).

Compared to synthetic materials and those of animal origin, BC is less impactful from an eth-
ical, social, and environmental point of view precisely because of its production process
which has a lower environmental impact, using renewable resources and does not require
chemical treatments, and is safer for human health. Moreover, being completely biode-
gradable, it has sustainable end-of-life. An interesting comparative LCA study of biofabri-
cated and animal-derived leathers (Hildebrandt et al., 2021) showed that the environmental
benefit (related to the reduction of CO2 emissions) of BC materials is only achieved if the
consumption of the material itself is limited.

On an aesthetic-sensory level, BC appears as a very flexible skin with extremely versatile
properties and characteristics that can be altered by making modifications to the starting
substrate. In particular, it is possible to realize a wide range of colors, finishes, and textures
characterized by strengths and thicknesses also very different from each other, conse-
guently categorizing the qualities of BC in superficial (consistency and flexibility) (Nguyen et
al. 2021) and optical (transparency and colors)(Ng & Wang, 2016).

Such aesthetic-sensory information can be interpreted and manipulated by designers to en-
hance the development of the material, favoring not only its use as a substitute for tradition-
ally marketed leathers but to define its own unique features by dissociating from the con-
cept of a surrogate for traditional fabrics (Rognoli et al., 2015)

It follows that it is important to highlight the role of designers in this context: designers have
the task of approaching and devoting themselves to a manufacturing process that is closely

related to craftsmanship; there is a change in the role of the designer who from being a pas-
sive recipient becomes an active producer of materials (Karana et al., 2018). Through the ex-
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perimental experience of the material, the designer becomes capable of associating aesthet-
ics and physical and perceptual characteristics of the material directly to the design of the
final artifact (Cleries & Rognoli, 2021), through flexible and modular processes oriented to-
wards sustainability.

Facing numerous but fragmented research and small-scale experiments aimed at investigat-
ing the properties of BC and the applications of controlled morphogenesis to define a spe-
cific form or dynamic function (Collet, 2013; Camere & Karana, 2018; Karana et al., 2020),
the purpose of this paper is to investigate the potential of BC with regards to production
processes and methodologies related to sustainability of the Fashion sector.

3. Methodology

BC GMs were experimented with the aim of promoting the design and implementation of
solutions with a higher degree of sustainability, thanks to the critical observation of the re-
sults of empirical evidence obtained through stabilized and replicable production processes.

To date, the many research studies on BC focus either on its structural and biochemical char-
acteristics (Gatenholm & Klemm, 2010; Iguchi et al., 2000), where the focus is on the compo-
sition and properties of the material itself, or on prototype applications for limited editions
(Chan et al., 2018; Fairs, 2014; Ng, 2017), which do not have the peculiarity of exploring the
replicability of both the production process and the final result. The presented experimental
study is positioned in this interstitial space meanwhile conducted with the holistic approach
typical of the designer, which considers both soft qualities and technical characteristics in
each phase of ideative development.

The outcome is an iterative experimental path, to give rise to an expansion of knowledge
structured and replicable to support designers and innovators in a conscious use of BC, also
responding to consumers environmental, aesthetical and cultural sensitivity.

Reflecting on the actual reaction of consumers towards a material that is still little known,
there is also a desire to work from the perspective of waste prevention, creating new se-
mantic value to the design outputs, to reduce future environmental impact. With these
premises, the contribution offered by this study with a material designer-oriented approach
(Cleries & Rognoli, 2021) is outlining guidelines to promote a conscious and structured use of
BC and its by-products in circular design solutions for the fashion field.

3.1 Research question and aim

Given the opportunities and limitations retrieved, this study wants to contribute to answer-
ing a series of questions related to the conscious introduction of BC material in fashion,
where it is the designer who has the opportunity and responsibility to take concrete actions
toward an improvement of processes toward environmental, and cultural sustainability.

Particularly, BC allows to efficiently tackle the zero-waste horizon and reduce the negative
impacts of possible overproduction within the fashion world. This is due to the controlled
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growth properties of BC, inside preformed containers, which allow obtaining directly mate-
rial layers already having complex shapes. In the traditionally adopted production system,
there are already techniques for obtaining clothing in a zero-waste logic through an optimi-
zation of the entire life cycle and waste management, including avoiding, reducing, reusing,
redesigning, regenerating, recycling, repairing, remaking, reselling, and redistributing (De
Schoenmakere, & Gillabel, 2017). Traditional techniques, in fact, are limited almost exclu-
sively to the use of repeated modules for the creation of paper patterns (Rissanen, 2013), or
through draping to build the garment directly on the body. The aesthetics obtainable from
these practices are, therefore, partially limited by design constraints, as well as unable to
completely avoid the waste generated by cutting fabrics.

Therefore, these issues of the traditional production system, along with the already known
characteristics of the GM being examined, offer additional opportunities for the use of BCin
the zero-waste paradigm. Given the existing limitations of wide diffusion of zero-waste de-
sign and production strategies in the fashion field impacting the life-cycle of the various arti-
facts, the research aims to answer these two questions:

e What can be the new and different interpretations of the zero-waste theme
through BC?

e How can BC be integrated into the current and future textile supply chain to
make the textile and apparel life cycle more sustainable, particularly in the de-
sign, production, assembly, and disassembly stages?

The exploration of these issues has led to the structuring of a set of experiments with the
aim of investigating the possibilities still not fully exploited by BC with regard to the issue of
sustainability, starting from its procedural specificities: controlled growth, drying, integration
with other materials, assembling/disassembling and recycling.

3.2 Empirical study procedure and set-up

The experimentation, carried out over an 8-month period within Polifactory - interdepart-
mental laboratory of Politecnico di Milano, was developed in two phases: (1) the learning of
the growth process for the optimization in terms of time and resources used; (2) the study of
possible manipulations in both the growth and post-production phases through the use
and/or integration of other substances and/or semi-finished products. The results are mainly
qualitative and reflections are subjective because in this phase of the experimentation it has
been chosen to investigate on small swatches all the possible variants; the quantitative in-
vestigation of the measurable impacts in relation to the scalability of the method will be the
subject of subsequent development of the research.

In the first phase, standard cultures were started, in different substrates and for different
periods of time, with the aim of investigating the growth phases and final aesthetic-sensorial
qualities of BC. The second phase saw the punctual modification of the traditional process of
culture handling, to verify the potential of BC in terms of growth integrations and recycling
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processes. Each of the experiments was carried out by recording the growth conditions of
each cultivation and the types of manipulations performed.

The synthesis of the adopted approach is presented in Figure 1, where it is noticeable how
the experiments with BC, starting from the same cultures, led to the production of three
types of basic materials (BC layering, integration in BC layer, BC tartare) and touched four
process steps (growing, drying, recycling, assembling & disassembling). The different states
of BC, downstream of the drying process, can generate very different application potentials,
detailed in the following section.

BC EXPERIMENTATION

E BC LAYERING ]
( INTEGRATION IN BC LAYER 1
[ BC TARTARE J
BC PURE BC PURE
OTHER JOINED WITH OTHER
MATERIALS OTHER OBIJECTS MATERIALS
LEFTOVER MATERIALS LEFTOVER

Figure 1. BC Experimentation map

4. Results

In this section we present the experiments carried out to discuss the potential and criticality
of BC. In response to the questions previously introduced, it is clear that the issue of con-
trolled growth in preformed containers is of primary importance as the GMs offer the possi-
bility to overcome the traditional logic of production by weaving, rolling, casting, pattern
making, and cutting. The creation of excess material, not only would extend the time of
overall growth, but would also constitute an inherent contradiction to the nature of the ma-
terial, impacting various levels of sustainability. BC GMs can grow in the shape of the pattern
without the need to cut and have exceeding materials. Even if this is feasible on small scale
samples, however, in a real application, it is not possible to imagine a production of shaped
container for the realization of every piece of the pattern, because of the high amount of
containers necessary to structure a real production of garments and accessories of different
sizes and styles.
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Therefore, it becomes necessary to think of a methodology to obtain the final product within
the concept of sustainability and zero-waste already in the design phases of the process.

The proposed strategy starts from the study of the nature of BC itself, which during the dry-
ing phase has a significant reduction in volume, becoming dried and compacted. From a BC
layer, it is possible to cut and obtain a specific shape and recycle the excess BC by reducing it
into smaller parts that can be compacted in the final mould during the drying process. The
result is called BC tartare.

The same procedure can also be used for the reuse of pieces of BC that have obvious pro-
duction defects (i.e. holes or bubbles caused by an abnormal fermentation process), which
invalidate their use.

Figure 2. Strategy 1: piece obtained from growth in a pre-formed container.

Figure 3. Strategy 2: piece obtained from growth in a standard container and recycling of BC waste.

Exploiting the same technique, it is also possible to provide an answer to the question of
how BC can make the lifecycle of textile products more sustainable: another branch of ex-
perimentation has investigated the textile waste integration within BC chopped with the aim
of creating a new material completely derived from waste. The same textile leftovers can
also be integrated with the GM, generating a resulting material with a completely different
aesthetic quality.

The evolution of these experimentations has led to the creation of more structural BC com-
posites, thanks to the integration of waste powders of wood and brick materials, always
compactable thanks to the intrinsic properties of this GM, without including other additives.

Another line of experimentation has been identified in the possibility of inserting accessory
components in the BC during the growth phase, to avoid the deformation of the additional
elements usually anchored to the textile by deforming them. This last intuition has also
opened the way to reflections related to the processes of assembly and disassembly that in-
volve the BC, which can also be considered as a material for the union of several parts of
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fabric. This brings attention to the use of this material also for design for disassembly, since
it can be an alternative to the use of stitching and/or button applications, which represent
an issue for the recycling of garments when they reach the end-of-life. In fact, when BC is
properly rehydrated, it’s possible both to split the parts connected and embedded to/in it,
allowing a complete recovery without deformation, and therefore potentially reintroducing
them in new production cycles.

In the next paragraphs, the results obtained during this experimental exploratory path, al-
ready consistently summarized in Figure 1 are presented.

4.1 Zero-waste material from bacterial cellulose leftovers

The first opportunity offered by the reuse of BC waste is the possibility of chopping the parts
of the layer that cannot be used to obtain BC tartare. Once grouped, inserted in
masks/moulds and dried, the result is a new film with technical and sensorial characteristics
dissimilar to the starting material.

A B @

Figure 4. Samples obtained from the combination of BC tartare from waste: different colours (A), un-
controlled shading (B), and linear shading (C).

The samples thus obtained have a slight rigidity compared to a simple layer of BC: this fea-
ture, however, does not affect the final yield of the material, which is compact, resistant, alt-
hough aesthetically more opaque if compared to the starting material.

At the chromatic level, the samples show nuances due to the nature of the starting BC
scraps. This characteristic is not to be considered as a limitation, but a concrete opportunity
to be adopted to create a dynamic visual effect and to obtain materials with different colors
and/or shades, as can be seen in the images below. The most difficult aspect to control is the
final thickness of the dried material: the samples in the photo have 80 mm diameter and 1.5
mm thickness and were obtained by filling and compacting a mould of the same diameter
but 6 mm thick. So, the 75% unidirectional shrinkage of the volume should be considered.

10
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4.2 Integrating textile waste in BC layer and tartare for fashion materials

Textile leftover integration into BC is possible through two directions: insertion during
growth in BC layers or during drying in BC tartare.

In the first case, the inserted textile leftovers are incorporated into the BC layer. Once the
sample is dried, the textile components are cohesive to the BC, some wholly covered by the
material, others only partially, creating an irregular texture to sight and touch. By increasing
the growth time beyond 25 days it is also possible to obtain the complete incorporation of
the insertions in the layer. The resulting material maintains the same degree of flexibility as
the original BC layer but has interesting multi-material aesthetic-sensorial features. The vari-
ability of thickness and material combination defines new tactile and optical opportunities.

(6

Figure 5. Integration of textile waste in growing BC layer: addition of material to the BC (A), pre-dry-
ing sample (B), post-drying sample (C).

On the other hand, if the intention is to integrate the textile leftovers during the drying
phase, the best strategy is the integration with BC tartare. In this case, the compound, con-
sisting of chopped organic material and waste of textile fibers, was amalgamated, spread
uniformly, and dried. The material thus formed perfectly integrates both textile and organic
material waste in a "double" zero-waste perspective. The sample obtained from this process
and visible in Figure 6 is resistant, compact, with rough texture, and with a greater rigidity
conferred precisely by the presence of waste. Aesthetically, it looks like a rough material but
tactile pleasant and with irregular and not replicable aspect.

Both results offer concrete and diverse opportunities, equally functional even if not compa-
rable in terms of aesthetics and structure. It should be noted that the physical and aesthetic
properties of the materials created depend both on the production process and on the bal-
ance of proportions between the percentage of BC and the percentage of textile leftover.
Therefore, the designer has the task of intervening in this productive and procedural choice,
to calibrate aesthetic-sensorial results in accordance with the project aims.

11
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Figure 6. Sample obtained from BC tartare and textile waste.

4.3 Integrating other waste in BC tartare for accessories creation

The integration of textile waste in the material has triggered a reflection on the possibilities
deriving from the union of waste with a BC base. Broadening the typology of waste to sec-
tors other than fashion can give rise to BC-based composites with greater structure, which
can be used for the production of objects and accessories that can be used in the field under
analysis. In particular, this further line of zero-waste materials has been tested in the pro-
duction of buttons.

Hence BC was chopped and mixed with different types of waste: dust from wood and dust
from brick; the resulting composite was placed in shaped containers (Figure 7) until com-
pletely dried. The obtained buttons have a non-homogeneous appearance, in which the ad-
ditional substances inside them have partially absorbed the BC liquids, and have given the
final material high stiffness. Also in this case it is possible to notice how the physical and aes-
thetic properties can be influenced by modifying the percentages of waste and BC in the
constitution of the starting compound.

A B C

Figure 7. Preparation of the compound (A), pre-formed containers for drying buttons (B), final result

(C).

12
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BC combined with waste, therefore, shows suitability for the creation of materials of moder-
ate stiffness, usable in the field of fashion accessories, showing at the same time high poten-
tial in a context of sustainability thanks to the absence of further additives. Also in this case,

as in any result derived from BC tartare, the shrinkage of the final material is 75% and unidi-

rectional.

4.4 Integration of accessories in BC to extend its lifecycle
The line of accessories can be further expanded by inserting external fashion components
into the growing BC; in this case, the result of the integration of eyelets is presented.

The result visible in Figure 8 was obtained by placing the metallic elements on top of a thin
layer of BC formed over 5 days; as time passed, these were completely covered by the GM
over another 15 days. Once the BC is dried, the functionality of the eyelets integrated with
this strategy is the same as that obtainable with traditional processes. However, in the case
of disassembling the components, BC simplifies the process of extraction in water so that
the eyelet can be reused in subsequent applications.

A B (6

Figure 8. Integration of metal eyelets in growing BC: pre-drying sample (A and B), post-drying sample
(©).

4.5 Seams replacement for textile assembling and disassembling through BC
layer

As regards the use of BC for the assembly of textile elements, different possibilities have ex-
perimented in order to identify the most suitable methodology to obtain the joining of two
layers of fabric. To scout the use of BC as a replacement material for seams - which repre-
sent a problem in the management phase of garment recycling when they reach the end-of-
life - several tests have been structured. The different samples shown in Figures 9-10 illus-
trate different options of fabric arrangement, amount of BC layer used, and the creation of
specific adhesion points, also through the creation of holes of different diameters on the
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surface of the fabrics by laser-cutting. Particularly, Figure 9 shows the results of tissue juxta-
position.

SR

A B & D

Figure 9. Seams replacement carried out on pulled together fabrics by testing different approaches:
one BC layer (A), two BC layers (B), lasered fabrics and one BC layer (C), lasered fabrics and
two BC layers (D).

Figure 10, on the other hand, shows the results obtained by overlapping tissues. The varia-
tions are given by the insertion of a BC strip between two tissues both unprocessed (E), one
unprocessed, and one perforated (F), both perforated (G).

Figure 10. Seams replacement carried out on overlapping fabrics by testing different approaches: one
BC layer between two unprocessed fabrics (E), one BC layer between an unprocessed fabric
and a lasered fabric (F), one BC layer between two lasered fabrics (G).

Thanks to these tests it was possible to understand the importance of holes in the fabric to
obtain a better result both in terms of adhesion and to contrast the shrinkage of the BC dur-
ing the drying phase: the samples without laser pattern show more folds and higher fragility.
Moreover, the samples made of juxtaposed fabrics appear less resistant than the corre-
sponding ones made with overlapping fabrics: if bending them, the BC shows a tendency to
detach. In conclusion, the most promising experiment is the one formed by two overlapping
fabrics, both with a laser-cut pattern (G): the sample examined is quite flexible and very
smooth.

4.6 Disassembling of fashion accessories in BC layer
The last level of experimentation focuses on the disassembly phases of BC integrating other
materials, specifically buttons. When placed in a liquid for a prolonged period, the BC has a
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tendency to rehydrate, increasing in volume and decreasing in firmness, until it returns to a
malleable and flexible state.

In Figure 11 the buttons were incorporated into the BC during growth, thus resulting directly
integrated into the bacterial tissue, being stable and functional. To proceed with the separa-
tion from the BC, after its complete drying, small diagonal incisions were made on its sur-
face, near the button’s base.

The sample was then placed in water, where the BC, rehydrating, underwent an increase in
volume and a decrease in strength and density. Thanks to the incisions, it was possible to ex-
tract the button very easily, which can be reused because it doesn’t present damages or de-
formations.

L

Figure 11. Button disassembly process: starting sample (A), disassembly (B), final result (C).

5. Discussion and conclusion

This paper offers an overview of the potential of BC manufacturing, production, and trans-
formation processes applied to fashion and focuses on the impact of this material and pro-
cesses from an environmental, social, and cultural perspective.

The production process of BC requires a large amount of water that, compared to animal
leather, has the advantage of not having to undergo purification processes. Although in the
experimental processes of this paper we used pure and strictly controlled liquids, we could
hypothesize to reuse the water resources both during (i.e. rainwater or liquids derived from
food waste) and at the end of the growth phase. This resulting liquid can be disposed of in
the environment as a completely natural compound, be reused as an activator in new cul-
tures, or be used at a larger scale as a by-product for fertilization in the agricultural sector. In
this sense, BC materials facilitate the transition to a sustainable non-linear intersectoral bio-
economy model through materials obtained from renewable sources or by reusing waste
(Collet, 2018).
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Based on the results of the experiments, BC has a positive impact at the environmental level
in a zero-waste logic with an important cultural impact. The obtained samples from waste or
that integrated waste show to have crucial potential in terms of new applications and aes-
thetic/sensorial characteristics both of leather-like or completely new materials. This new
landscape of materials could respond to the consumer interest for ethical, aesthetic, and
sustainable solutions, also increasing the emotional attachment of users, thereby prolonging
their use against a use-dispose attitude (Haines-Gadd et al., 2018).

The addition of metal and plastic accessories in BC materials allows for their disassembling,
thus impacting also on the simplification of the manual disassembling operations of the
components by the workforce. Similarly, the use of BC as seams replacement has a positive
environmental impact, also by decreasing the manual work on disposal and recycling pro-
cesses. From this perspective, it is also possible to highlight a positive impact on society, by
limiting the exploitation of workers. At the same time, biomaterials can give rise to new vir-
tuous methods of sustainable and local production by creating resilient socio-technical sys-
tems (Manzini, 2011). BC GMs could become a solution against overproduction and out-
sourcing allowing, locally grown biomaterials with a KM-0 approach and made-to-order cus-
tomized waste-free biofabrication.

At the end of this experimental research, some issues arise to be explored with further
phases of experimental and application development:

e isthere a possibility of making marketable garments completely sustainable by
taking advantage of the products and processes described here?

e considering BC's relationship with water, what methodologies can be used to
sanitize such created fashion products?

e what aesthetics and narratives could encourage ethical and sustainable con-
sumption of BC-made clothing and accessories?

These questions could be considered future challenges in which the creative thinking high-
lighted in design research and explored in experimental actions is translated into design ac-
tivities aware and responsible about the complexity of the topic and its impacts on various
levels of sustainability. Even if, at present most research studies are still limited to laboratory
experimentation, the paper aims to lay the foundations to allow a further systemic
knowledge of the BC potential for designers and researchers in relation to the scale-up in the
same or other contexts of application.
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