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Abstract
The fast progress of bioengineering and technology is predisposing new, biology-based production
methods, which enables us to create ecologically compatible materials with tuneable properties.
Ongoing research on new alternative resources and emerging new materials speak for achieving
sustainable development within circular economy. This paper offers practice-based design
solutions through interdisciplinary collaboration for utilizing proteinbased materials capable of
environment sensing-adapting and proposes new morphologies of spider and silkworm silk as
promising future materials. The theoretical part of the study explores silk, spider silk in particular,
and its fibrous structure. Following protocols developed for biomedical applications, the exploratory
part of the project investigates silk assembly through morphological material experiments. The
project culminated with material-driven design proposal for the applications of such new types of
non-natural silk shapes. To visualize the concept of laboratory-created silk morphologies, silkworm
Bombyx mori silk was utilized. Rather than the bio-fabrication of silk proteins, manipulation of
isolated polymers was the subject of the study. Although sustainability itself was not the main
research object of this project, it drove the research by trying to address the problem of fast
consumption of resources in the design and fashion industry. The merger and execution of the
project was facilitated by interdisciplinary collaboration between textile designers and natural
scientists, implementing the know-how, craft and skills from respective disciplines.
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Thirsty and exhaustive textile industry, demanding more fibres and materials mostly for the fashion
business, sets new challenges for the environment, consumers, manufacturers and designers
(Morlet, 2017). The world's economy in its current form, rapidly consuming natural renewable and
non-renewable resources, is wearing down the environment which is why we should set new
standards for energy efficiency, waste elimination and take a stance for the protection of
biodiversity (Myers, 2012).
It is difficult to say who should take responsibility for the current complex system of consumption.
However, designers, who are key figures in production stage where new concepts are created and
the choice over materials is made (Tobler-Rohr, 2011), possess a great potential to act as
promoters and catalysts of social change (Fletcher, 2008). Over the past decade the materialdriven bio-design community has started to look for ways to create more intelligent materials with
smaller ecological footprint (Veelaert et al., 2017).
Defining and choosing materials is one of the first steps of production process and focusing on this
stage could have a pivotal influence on the rest of the production cycle. To initiate a positive
change, we need mindful and knowledgeable designers with insight in material making process
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who help to create meaningful and intelligent material-driven products with definable
biodegradability, durability and function.
Spider silk, a protein-based fibre with many outstanding properties became the object of inspiration
for this paper. Once we know how to cost-effectively reproduce it, spider silk has the potential to
become a material of the future with applications in various spheres, including the vast field of
design. As farming spiders for spider silk mass-production or gathering silk from the nature is still
incredibly inefficient, the experiments for this project were conducted using silkworm silk. Although
spiders and silkworms are not closely related, they are both outstanding material systems
(Omenetto & Kaplan, 2010) and provide large silk proteins that combine fibres with superior
toughness compared to most manmade fibres (Andersson et al., 2016). The silk from Bombyx mori
silkworms is one of the oldest materials known to humankind and has been used for various
applications for centuries, therefore using silk as a substance matter for (re)defining future
materials is an intriguing prospect (Omenetto & Kaplan, 2010).
Current study summarizes the properties of these naturally occurring fibres and investigates the
purified proteins, similar in both species. The laboratory-created new silk protein morphologies
demonstrate that restructuring the silk polymer sheets, properties and strength of the material
morphologies can be tuned and defined. As materials are almost inseparable from the act of
creation and craft (Adamson, 2007), the context of this paper is interdisciplinary practice-based
creation involving textile designers form the Estonian Academy of Arts and natural sciences
researchers from Tallinn University.

Future Materials
Professor of Biomedical Engineering at Tufts University, Dr. Fiorenzo Omenetto, who has studied
a wide range of materials, points out several characteristics suitable for future materials.
Such new innovative materials should be:
• self-repairing
• feel their surroundings
• transform themselves
• disappear harmlessly
• have a non-obvious function (being multifunctional) (Omenetto & Kaplan 2010).
Bioengineering enables us to produce intelligent, environmentally compatible and biodegradable
materials that could be suitable for applications without sacrificing technological performance, look
or feel. This is notably important within the fashion industry, where the haptic, sensory and visual
qualities of the materials – whether it be clothing or accessories – carry a great deal of significance
and can’t be ignored.
Recent progress in biotechnology and synthetic biology enables us to design bio-based materials
as we have previously been designing oil-derived ones. Natural protein based fibres such as silk
and hair (wool, angora, cashmere etc) are a result of millions of years of evolution. These biofibres
have developed a range of outstanding properties often not only outshining man-made material but
serving also as inspiration sources for the creation of new intelligent materials (Omenetto & Kaplan
2010). The revolution of synthetic fibres has been appealing to the consumers and has altered
fibre consumption patterns, today the breakthroughs in synthetic biology promise to bring natural
materials in their new morphologies and compositions to the market and soon also closer to the
consumer (Fig. 1).
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Fig 1. Fibre availability timeline (Compiled by the author based on the information from Teksiilikiud: käsiraamat by
Irma Boncamper, 2000).

Fiorenzo Omenetto and David Kaplan, scientists who have been researching new protein-based
materials for two decades, advocate for their excellent properties and potential. According to their
research, the advantages of the polymorphic proteins lie in their functionality – they are
sustainable, entirely processed in water, controllably biodegradable, edible and implantable. The
biggest advantage of such novel biomaterials, over for example plastic, is their ability to sense and
respond to environmental stimuli, a absent trait in synthetic materials (Bourzac, 2015). Also, the life
cycle and biodegradation timeline can be predetermined for biomaterials during the design process
(Römer & Scheibel, 2008). Applying biomaterials in other contexts besides medicine could provide
items with precise fit for purpose and function whilst not sacrificing society’s consumerist
behaviour.
Furthermore, by optimising molecular interfaces between structural proteins, multiprotein based
useful composite materials could be fabricated. Therefore, generation of multifunctional,
biodegradable structural protein composite biomaterials is an emerging trend in the field. (Hu et al.,
2012).
We discuss two types of silk that have the makings of becoming the materials of the future – spider
silk (Nephila clavipes) and Bombyx mori silkworm silk. Over the past 20 years silks have been
studied to explore their potential as biomaterials. The process of silk protein self-assembly has
become more clear, however due to the highly repetitive character of individual silk molecules
(especially in spider silk) and the detailed microstructure, the exact mechanics of the silk spinning
remain unclear (Omenetto & Kaplan, 2010).
Silk
Spider silk's dragline silk, recognized as the strongest natural fibre in the world, carries a great
potential for shaping our future environment (Fig. 2) (Tokareva, 2013). Spiders have six or seven
sets of glands, which enable them to synthesize different types of silk to fit a specific function and
due to the specialized mixture of protein in each of these types of silks, they all display distinct and
individualized properties (Daravamm, 2006). The dragline, mostly because of its impressive
combination of strength and toughness, is the most intensively researched silk type (Agnarsson,
2010).
However, as spiders are carnivores displaying aggressive behaviour and are territorial by nature
they cannot be farmed like silkworms (Gould, 2002). Gathering spider silk manually involves
painlessly immobilising spiders and then carefully pulling filament from their abdomen and rolling it
around a spool. Therewith, the reeling tempo and environmental conditions influence the quality of
the silk.
Unlike silkworm silk proteins that are easily obtainable on the commercial market, the spider silk
protein has to be sourced biotechnologically using genetic engineering methods. The attempts of
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spider silk protein production in laboratory include cloning the spidroin gene for protein expression
into bacteria (Escherichia coli), yeast (Pichia pastoris), insects (silkworm larvae), plants (tobacco,
soybean, potato), mammalian cell lines (hamster) or transgenic animals (mice, goats) (Tokareva,
2013).
Recombinant spider silk currently remains a pricey luxury product under development, only few
laboratories have succeeded in spidroin laboratory production (e.g. BoltThreads, AM Silk, Spiber).
It is reasonable to assume that the price of recombinant spidroin production technology will follow
Moore’s law (Moore, 1998) similarly to other technologies (transistors, semiconductors, DNA
sequencing) where the price has reduced up to 300 folds over 15 years (Muers, 2011).

Fig 2. Envisioned applications of synthetic spider silk. (Vinter, 2017)

The main protein component of the silkworm silk, fibroin, is a widely studied polymer used in
biomedical applications. Spider dragline silk consists mostly of spidroin I & II, which are also types
of fibroin. The similarities between these silk proteins are considerable as both consist of repetitive
blocks of amino acids alanine and glycine. Structural toughness of both fibres is achieved by
characteristic secondary and tertiary level protein structures. Although it shows remarkable set of
mechanical properties, silkworm silk fibre is in many ways simpler, weaker and not as elastic as
the spider silk (Fig. 3). The molecules of the silkworm silk fibre are arranged somewhat differently
as it contains additionally to fibroin large quantities of sericin proteins (Römer & Scheibel, 2008).
The material fabrication from silkworm silk and spider silk have been described and compared in
articles “Decoding the Secrets of Spider Silk” (Eisoldt et al., 2011), “Silk as a Biomaterial” (Vepari
& Kaplan, 2007) and “Spiders: Web of intrigue” (Bourzac, 2015), that suggest the same protocols
could be used and potentially even new morphologies created using spider silk or other silks. The
procedures enable the investigation of purified restructured fibroin with the aim of creating nonnatural, laboratory made silk morphologies that dramatically differ from natural silk fibre. The de
novo synthesis of silk protein is not the topic of this investigation, however the iteration of
experiments using laboratory synthesized recombinant spider silk is feasible in the future.
Meanwhile, material experimentations using silkworm protein can commence.
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Fig 3. Comparison of fibre toughness (adapted from: Vepari & Kaplan, 2007; Agnarsson et al., 2010).

Practice-Based Design Research
Hacking Silk case study focused on consolidating knowledge on biomaterials and interdisciplinary
methods through practical material experiments.
The framework of the project was Tallinn University's freshly launched programme Learning in
Interdisciplinary Focused Environment (LIFE) and a specific study group for the execution of
Hacking Silk case study was established. LIFE is project- and problem-based learning initiative,
where students from different study areas collaborate with academics and partners and carry out
interdisciplinary projects (Reiska et al., 2018).
Four academic disciplines – Biology, Molecular Biochemistry and Ecology, Environmental
Management (Tallinn University) and Textile Design (Estonian Academy of Arts) were represented
in the work-group and the project advisor was Tallinn University Lecturer of Systems Biology, Kairi
Koort.
The project aimed to explore different silk morphologies with the intention of selecting the most
appropriate ones for physical object creation. The brainstorming, concept mapping and protocol
(Rockwood, 2011) analysis started November 2016 and the practical work in Tallinn University
Laboratory of Molecular Sciences commenced January 2017.
The original idea of restructuring silk has been extensively explored by David Kaplan and Fiorenzo
Omenetto, whose studies were the foundation of the project. Artificial silk morphologies developed
for biomedical applications (to execute drug delivery, build artificial ligaments and tendons etc)
served as an inspiration for the Hacking Silk case study where their potential utilization for
speculative and applied (textile) design was tested (Fig. 4). The sustainability of investigated
material was assessed during the design process as it was difficult to measure before the
execution of experiments.
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Fig 4. The process of materialization via traditional versus experimental method. (Vinter 2017)

Hacking Silk is an iterative design process both by nature and in its practical realization (Vaughan
2017) where during a cyclic prototyping process the most recent iteration and successive refined
material design versions were implemented.
Consultations with Estonian environmental biologist Aleksei Turovski revealed furthermost West
Estonia as the strongest dragline spider silk location in the region. This material is nevertheless not
as tough as the dragline silk produced by few other spider species and described in scientific
research papers. Also, the limited availability, the amount of collected material (0.5 grams in
couple of weeks) did not allow for further material explorations. For large scale experiments,
alternative silks were considered. Considering the affordability, availability and functionality,
silkworm Bombyx mori silk was the most reasonable choice. For materialization, three different
types of silkworm silk were used.
After receiving the silkworm silk cocoons (Fig. 5), experiments started with cutting of the cocoons
into smaller pieces, followed by washing out of sericin proteins (degumming) (Fig. 5), dissolving of
silk fibres in lithium bromide (LiBr) (Fig. 6) and purification resulting in pure silk fibroin solution.
From that various new silk morphologies could be produced.
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Fig 5. Silk cocoons(left); degumming of silk cocoons (right).

The preparation of the purified silk fibroin solution as a 5-day process (Fig. 7), which made every
millilitre of the solution very valuable. Due to laboratory equipment capacity, two five-gram silk
patches were produced at a time (Fig. 6). This resulted in approximately 50 millilitres of 20% silk
solution. As the liquid solution production was time and resource consuming, experiments were
meticulously planned and calculated to ensure an outcome proportional to the time and resources
needed for the execution. This created a rather analytical creative process where detailed
calculations were more valued than impulsive decisions.

Fig 6. Dissolving silk in LiBr (left); dialyzing the silk solution (right).

The main experimental challenge was to achieve a silk fibroin solution within the appropriate
concentration range (6-7%). During the first experimentations the solution turned into gel and could
not be subsequently modified. Further iterations produced a solution too liquid, containing
excessive water. The protocol modifications required daily changes of small nuances. For
example, the first cocoons used (from China) were already purified as they were manufactured and
marketed for cosmetic skin-cleaning application. These cocoons appeared to contain chemicals
added in the manufacturing stage that caused problems in dissolving the silk fibre. After the
purchase of natural (Bombyx mori moth containing) types of cocoons from Peru, the experiments
advanced successfully.
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Fig 7. Schematic of the silk metamorphosis protocol (based on Vinter, 2017).

All the produced solutions were used and hardly anything got thrown away. Hardened silk protein
gels and broken pieces were re-liquified and used to make alternative tests in composition with
some other materials. However, these samples dried unevenly, often turning brittle and had an
uneven yellowish appearance (Fig. 8).
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Fig 8. A variety of experiments drying (left); test to repurpose the pre-died failed tests (right).

Mostly three different types of structures were created – film, sponge and foam (Fig. 9). The most
intriguing structure was the foam (Fig. 10). The attractiveness of the foam was best demonstrated
in its appearance which contrasted to the conventional appearance of silk and hence provided a lot
of inspiring aesthetical information.

Fig 9. Various morphology designs: sponge (left); lyophilized fibroin (middle); silk film with copper fibres (right).

Fig 10. Preparation of the freeze-drying solution (left); various process of lyophilization tests (right).

The silk foam was created through the process of lyophilization under high pressure at -100°C for
4-12 hours using a freeze-dryer. The longer the freeze-drying process lasted, the more stable
material was attained.
As the percentage of the silk solution varied, the resulting foams were of very different qualities
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and properties (Fig. 11). However, they were all sensitive to the environment and demonstrated a
sticky character. The material was especially sensitive to humidity and in contact with water the
foam dissolved quickly. The lyophilized silk was very light and fragile. The attempts to colour the
foam failed as the pigment made the solution heavier stopping the silk solution to bubble into foam.
The foams displayed dispersing optical properties.

Fig 11. Heavier silk foam morphology (left); lighter silk foam (right).

Producing film was less labour intensive and did not require any additional machinery, however it
was time consuming. To achieve a film-like structure, the fibroin solution was left to dry on a mould
until solidified. The drying time depended on the amount of solution, the mould and on whether it
contained any additives. 20 millilitres of film usually dried in 2 days. Drying could not be
accelerated as it notably weakens the physical qualities of the resulting morphology. In the first
iterations where pure silk solution alone was used (Fig. 12), the film often turned brittle or cracked
during the drying process. After adding glycerol to the solution (Fig. 12), the experiments showed
much more elasticity and strength. After various attempts of combining glycerol with silk solution, a
7% glycerol solution was found to be most suitable. Finally, the creation of films with different
elasticities and toughness was achieved.

Fig 12. Heavier silk film with added glycerol (left); silk film with no additives (left).

Making composites with various fibres (Fig. 13) helped to strengthen the product material and
added aesthetic value. Using supporting materials (e.g. stainless-steel fibres) or additional agents
(e.g. heat-sensitive pigment) (Fig. 13) also helped to achieve a suitable relationship of compounds
for making thin yet relatively elastic examples.
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Fig 13. Film composite with stainless steel fibre (left); silk film with heat sensitive pigment (left).

The experimentation with new silk morphologies demonstrate their aesthetic and visual potential,
encourage the search for more stable compositions and functional material application
explorations in the context of future sustainable economy. Such silk morphologies do not fit into
production methods and commercial relations of today, therefore looking into the future,
sustainability perspective lies in utilizing green-chemistry production methods, tailor-made made
functionality potential and following the principles of circular economy.
Through manual work and craft the Hacking Silk team came fundamentally closer to understanding
the material holistically - what does it exactly consist of, how to manipulate and handle it and how
lengthy is the production process. Collaboration between designers and scientists provided
awareness, assisted on articulating abstract concepts and created new knowledge for all.
Lighting concept
One of the possibilities how to protect fragile silk foam is to develop a structure engulfing it. The
lyophilization of silk inside protective glass bulbs which were discarded due to minor defects from
the biochemistry laboratory, was chosen as a sustainable product development solution. The idea
of lighting benefits the unique optical qualities of the silk structure. Freeze-drying silk solution
inside the glass enabled to control the process and lead it towards desired solution leaving the
foam protected inside the pulb. For optimization, various tests were undertaken. At the end, input
of five millilitres of silk solution was considered as an economical solution. In terms of sustainable
product design, utilizing different leftover laboratory equipment, added value to the sustainable
production process as well as created favourable conditions for and unexpected outcomes. The
concept development resulted in five authentic lamps with unique pattern and character (Fig. 14).

Fig 14. Documentation of the mood light concept (photo by Marko Veinbergs).
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Besides the aesthetic value of lamps, they enable to visualize and present the process of silk
lyophilization in a compact way serving as a didactic tool aiding learning and comprehension of the
process. This method can be used to illustrate the nature of proteins and their reaction to freezedrying.
Second skin from sequins concept
Sequins, luxury decoration embellishments are commonly applied in the delicate crafts of haute
couture as well as in more traditional fields of textile arts such as folk art. The troubling
sustainability aspect for sequins using is that the fabrics they are attached to, can’t be recycled.
Sequins are either made from glass which makes them heavy yet fragile and difficult to maintain or
from plastic (Fletcher, 2008). The demand for sustainable sequins is high and they fill a very
specific market niche in haute couture where luxury, new innovative materials and traditional
handcraft are equally valued.

Fig 15. Concept for second skin-like body armour made from translucent silk film sequins that adapt its optical
qualities, to the light stimuli exposure – like a change in the colour (right).

Inspired by the fish scale structural diversity (Wainwright, Lauder & Weaver, 2017) the second skin
sequin concept applies the extraordinary optical properties of the silk film (Omenetto & Kaplan,
2010). Silk film in combination with natural pigments, minerals and other additives has a great
potential in constituting an optically transformative material that reacts to the angle and intensity of
the light.
The sequins by concept come in various organic shapes (Fig. 16) that overlapping with each other
form a unified fabric that react to outer stimuli of light and movement. This fabric could be
assembled into a second-skin type of body armor that adopt according to the outer stimuli (Fig.
15). Green chemistry production methods and zero-waste textile producing principles enable smart
bespoke production with minimal waste. The concept is continuously being developed and tested.
The production of these sequins is labor and resource intensive which makes detail orientated
haute couture fashion houses a worthy field of application. Luxury fashion brands have also shown
elevated interest in sustainable future materials recognizing the urgent need to change from linear
to circular economy models (Morlet, 2017).
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Fig 16. Silk embellishment visualization, organic shape of a single sequin (left), overlapping and organic shapes of
sequins (middle), various typology of sequins (right).

Discussion
The interdisciplinary thinking is nothing new, considering that until about the 18th century, the
Renaissance-like consilience between science and applied arts was widespread. Then, with the
Scientific Revolution, scientists rapidly specialized into numerous independent fields (Myers, 2012)
that today, after profound in-field development, are looking for ways of intermingling again.
Using visual strategies (photograph, film, material experimentation), Hacking Silk aimed to
contextualize protocols and research created for biomedical applications and facilitate this
information to wider audiences. The visual representation of complex information in different forms
and through creating narratives is a central feature of design activity (Vaughan, 2017). The insights
gained from Hacking Silk execution suggest that material-driven visual mapping and data
visualization through practice-based design narrative is an appropriate method for contextualising
knowledge that could help establish new relations and create new realities.
Silks made by spiders and silkworms have a great potential to become future programmable
materials of design or textile industry. The advantage of protein-based materials over oil-based
fibres lie in their functionality and flexible adjustability. At the moment, there is a general vision of
what great importance spider silk could carry. Currently several world-leading laboratories
competitively study synthetic silk protein production strategies.
Silk proteins, depending on the morphologies they are arranged into, offer great prospects for
various technical and biomedical applications. The material experiments conducted with the
Bombyx mori silk show sufficient chemo-physical properties for prototyping. However, for larger
practical applications further protocol development is needed. For example, the physical resistance
to environmental factors needs to be improved. The outcome of current experiments is the
proposal of potential material shapes and the visual abstraction protein materials of the future.
Specifically, further alternative silk structure laboratory investigation in would be necessary.
The Hacking Silk design and research process demonstrated the potential of silk as a biomaterial
and opened many future perspectives, especially for product development.
The ecological benefits of such silk morphologies could be sustainability and functionality. Tailormade renewable biopolymers could respond to requirements set by the consumer and provide
personal, unique and functional future materials. For example, garments made from silk films could
be created following 0-waste principles, the size of individual pieces could be determined by using
moulds, printers or patterns and silk morphologies. Silk film could be a suitable material for
bespoke second skin like products, adapting perfectly to the wearer’s body, at the same time
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sensing the external environment (for example releasing medications), pieces of the material
simultaneously performing several assignments, interactively responding to the environment.
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