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3D printing is currently blooming in a lot of different
industries, including fashion in the form of 3D printing
onto textiles. In parallel, fashion circularity is an increasing
movement that has emerged due to the negative impact
that fashion creates on the life on this planet and the planet
itself. Therefore, a shift to responsible consumption and
production methods (sustainable development goal 12) is
necessary.Tojointhiscircularitymovement,3D printingonto
textiles for fashionis required to fulfil certain requirements,
including recycling. However, recycling is nowadays
hindered by the lack of methods to separate the 3D printed
structures from the textile at the End of Life (EoL). This
graduation project researches the possibilities to achieve
material separation at the EoL, so that the materials can
be independently recycled and turned into new products.

The contribution of this research is a framework to achieve
material separation that enables recycling for interfaces
created by 3D printing onto textiles. This framework
has three key steps, which are: developing a separation
plan, selecting materials and designing the polymer-
textile connection. The separation happens through heat
deformation and more specifically, through increasing
the temperature locally during separation. The selected
materials are PLA, as the polymer, and plain-woven cotton,
as the textile. The printing method used is Fused Deposition
Modelling (FDM). The connection design is implemented on
a product application, which is a footwear’s mid-sole bond
to the upper shoe’s textile. Four interface designs are tested
on separation conditions related to EoL and a scenario of
usage conditions, to investigate the effect of the connection
design on separation and thereafter, recycling. At the
end of the research, clean material separation between
polymer and textile is achieved, which is a promising
achievement for reversible 3D printing onto textiles.

For their contribution to this project, | would like to thank
the people who supported me throughout this graduation
journey. Firstly, my chair Zjenja for his critical questioning
and advice on matters of 3D printing and my mentor Ruud
for his detailed feedback and vast knowledge on circularity
and adhesion. They both were incredible sources of
inspiration. Furthermore, | would like to thank a few people
that shared their technical expertise and enthusiasm with
me. During the test preparation, Israel Carrete, a material’s
expert and designer, gave me useful advice and help. Holly
McQuillan shared her knowledge on textiles and help me
better understand them. Jose Martinez was my advisor on
3D visualisation. Also, | am grateful for the support from the
staff at Applied Labs in IDE. Finally, my family and friends
who were there for me, during hardships and celebrations.

My personal driver for this project is a vision of a world
where humans acknowledge and respect nature. Nature
that is wild and beautiful. Textiles and fashion are
expressions of our personalities and a medium to connect
with nature and therefore are essential to our being.

Dimitra Tsoli
15/04/2022



3DP
3D printing

SDG
Sustainable development goal

EoL
End-of-life

DfR
Design for recycling

DfD
Design for disassembly

FDM
Fused Deposition Modelling

PLA
Polylactic Acid

ABS
Acrylonitrile Butadiene Styrene

PET
Polyester polyethylene terephthalate

Interface
3D printing within textiles produces an interface, a surface
where the two materials, meet and interact.

Adhesion

Adhesion is the bonding of one material to another, namely
an adhesive to a substrate, due to a variety of possible
interactions.

Delamination

Delamination is a separation along a plane parallel to a
surface (Nijland & Larbi, 2010), as in the separation of the
polymer 3D printed layers from a textile substrate.
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Figure 1. "Active Shoes” by Christophe Gubera, alopath and Self-Assembly Lab, MIT.



Developments in 3D printing (3DP) now offer creative
freedom to design innovative structures for fashion
products (Lussenburg et al., 2014; Mpofu et al., 2019).
3D printed materials provide textiles with support and
create three-dimensional geometry frameworks for
shaping the textiles (Kycia, 2018). The engagement
of 3DP with fashion is realised mainly into two forms:

(i) 3DP onto textiles (figure 2) - e.g., Foliage Dress by
Irisvan Herpen, TU Delft and STRATASYS (Doubrovskietal.,
2017),“Active Shoes” by Christophe Guberan,Carlo Clopath
and Self-Assembly Lab from MIT (figure 1), “Setae” and
“Arid Collection” by Julia Koerner and STRATASYS, “Greta
Oto Dress” by threeASFOUR, Travis Fitch and STRATASYS
and collection by Labelled by - https://www.labeledby.com/.

(ii) 3D printed textile structures - e.g., Anthozoa
Skirt and Cape by Iris van Herpen, Neri Oxman and
STRATASYS, recyclable 3DP sneaker by Zellerfeld
and the corselet by (Lussenburg et al, 2014).

In parallel to these technological innovations, the fashion
industry has evolved into a new generation where garments
are fabricated by low quality material blends to provide
affordable clothing, which is quickly discarded. After their
first short life, garments are either sold as second-hand
fashion, recycled (upcycled or downcycled) or incinerated.
Although the international second-hand market is growing,
“EPA Clothing and Footwear Waste Estimates” calculated
that 36 billion garments are thrown away annually in the
US, of which 95% could be reused or recycled (thredUP,
2022). The latest estimation on the textile waste that
is recycled into new garments, is less than 1% (Ellen
Macarthur Foundation, 2017). Consequently, almost all
the material value is lost or downcycled into wiping cloths,
carpet padding or insulation. While downcycling extends
the life of textiles, it prevents them from being upcycled
and used as new garments. Therefore, new virgin materials
are essential to produce these garments. This linear system
leads to intense material sourcing and material value loss.

Customers and designers have been confronted with the

consequences of fast fashion on the environment. The
consequences range from material scarcity, pollution,
depletion of natural resources and waste generation
(Dissanayake & Weerasinghe, 2021). A transition towards
a circular fashion system is now necessary more than
ever. In this system, “fashion items are designed, sourced,
produced and provided with the intention to be used and
circulate responsibly and effectively in society for as long
as possible in their most valuable form, and hereafter
return safely to the biosphere when no longer of human
use” - Anna Brismar, Green Strategy, 2017. In other words,
acircular fashion system employs responsible consumption
and production methods following the 12th Sustainable
Development Goal (SDG 12). Dissanayake & Weerasinghe
(2021) identified four aspects of circular fashion:
materials, design, consumption and end-of-life (EoL).
According to them, in a design context the methods for
achieving circular economy are design for: customization,
longevity, disassembly, recycling and composting.

Since modern fashion is starting to equip 3DP onto textiles,
the productsof thisencounter need toalignwith thecircular
fashionobjectives. Asmentioned,longevity andrecyclability
are critical to achieving circular products. Nonetheless, the
introduction of polymers and the bonds they form with the
textiles complicate the EoL of these products. To enable
circular fashion for products created by 3DP onto textiles,
the bond between polymer and textile should be both
reliable, to ensure longevity during usage, and reversible, to
allow for material separation and recycling at the EoL of the
product. Reliable bonds between the 3D printed polymer
and the textile are insured through incorporating the fabric
within the printed material (Doubrovski et al., 2017). By
creatively designing the interface between polymer and
textile, the designer can achieve separation at the EolL and
thus recycling, while maintaining reliable and a long-lasting
bond during the product’s life. This graduation project
investigates separation possibilities for products that
are realised by 3DP onto textiles using Fused Deposition
Modelling (FDM), so that at the EoL they can be recycled.

Figure 2. 1 - Foliage dress by lIris van Herpen, TU Delft and Stratasys (Doubrovski et al., 2017), 2 - collection by
Labelled by, 3 - "Arid collection” piece by Julia Koerner and Stratasys and 4 - “Setae” by Julia Koerner and Stratasys,
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During the past decade, researchers have investigated
the adhesion properties of the interface between textile
and 3DP polymer (Doubrovski et al., 2017; Gorlachova &
Mahltig, 2021; Grimmelsmann et al., 2018; Kozior et al,,
2018, 2020; Malengier, Hertleer, Cardon, & Langenhove L,
2018; Meyer et al., 2019; Mpofu et al., 2019; Oyén-Calvo
et al., 2019; Sanatgar et al.,, 2017). Adhesion is crucial
for the integrity of the interface and consequently the
product’s durability and longevity. Parameters that have
been studied are derived from the nature of the printing
process, the polymer material and the textile material.
Amongst these parameters, printing temperature and
speed, polymer viscosity and textile pore size attract
most attention because of their influence on adhesion.

Therefore, longevity is addressed through the
improvement of adhesion. Except longevity, recycling
needs to be researched. Currently, the EoL of these
products is uncertain, because the material combination
cannot be allocated to any of the recycling categories -
textile or plastic recycling. The reason is that recycling
processes depend on material properties and are designed
differently for every single material (Harmsen & Bos,
2020; van Schaik & Reuter, 2014). Therefore, for the case
of 3DP onto textiles, material separation, is necessary.

For the materials to be suitable for recycling the separation
must happen in a way that they are recovered in good
condition. Clean material separation is vital for effective
recycling or life prolongment through reusage. However,
right now separation is almost impossible to achieve or
would require plenty of manual labour, which is not a viable
solution. Thus, the knowledge gap that closes the loop of
circularity in 3DP within textiles is the material separation.

My scope is to research and test ways to achieve material
separation for 3DP textile interfaces. | will identify
parameters that allow separation at end-of-life while
maintaining a reliable adhesive bond during use and
test them at experimental scale as well as in a product
prototype. The research question is the following:
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That question has a dual aim, longevity and separation.
Longevity leans towards a reliable, permanent bonds and
separation leans towards an adaptive, reversible bonds.
Even though they appear contradictory at first sight, they
occur at different lifetime stages and are subjected to
different conditions. The balance and interaction between
these qualities is crucial for reaching circular products.
The challenge | will tackle is to maintain longevity while
improving material separation. Consequently, the main
research question is divided into three sub-questions:

The first sub-question is answered through literature
research, by reviewing previous research findings to gain
an understanding of the adhesion properties and the
parameters that regulate it. The outcome of the literature
research builds a foundation of the influential parameters
that are used in the experimentation through iterative
prototypingto shed light onthe second sub-question. As for
the last sub-question, the previous findings are collectively
applied on a footwear product to be tested in regards to
adhesion and separation and reflect on the application
of both longevity and separation on product scale.

As a design student, through my learning process |
have understood and embraced that design is more
than the creation of products. It is the generation of
possible solutions to improve the current state of
the world. It embodies a vision of a desired future.

This project is approached as experimental research with
systematic parameter variation in the context of footwear
design. The aim of the research is to gather knowledge
through the engagement in iterative prototyping of
forms (Faste & Faste, 2011). The desired knowledge
here is the circularity potential of products that are
created by 3DP within textiles. The iterative prototyping
process that leads to this knowledge is printing onto
textiles while varying parameters that control adhesion
and separation, and afterwards testing their response
to separation. The design intention is to create a
knowledge foundation about separation and material
recovery in the context of 3DP within textiles, so that
it can be applied by others in the creation of products.

The report is structured in seven chapters. The opening
chapter - current one - is an introduction to the
topic. It explains the relevance of the project to the
fashion crisis and the emergence of circular fashion,
continues with the development of research question
and finishes with this reading guide. Next, chapter 2
introduces the desired material journey and analyses
the existing system of textile recycling and the role
of disassembly as a means for achieving separation.
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Keeping in mind the desired material journey, chapter
3 dives into the 3DP onto textiles method and seeks
answers to the first sub-question through literature
research. To begin with, adhesion for material interfaces
is explained, as it defines longevity. Subsequently,
the parameters that regulate adhesion are gathered
and synthesised to reach conclusions about what
parameters are of interest and how they interrelate.

In chapter 4, the learnings of the literature review (chapter
3) are used to perform an experimental research which
aims to provide answers to the second sub-question about
separation. It includes a method section, a results and
discussion section and a section dedicated to conclusions.
The learnings form this chapter need to be applied to a
productapplication.Therefore,chapter5analysesthedesign
possibilities and through an elimination process selects
the product to apply the research, a footwear mid-sole.

After defining the product to apply the separation
learnings, we transition to chapter 6. Chapter 6 aims
to answer the third and last sub-question by applying
explorative prototyping on the interface design of the
polymer-textile bond of footwear mid-sole with the upper
shoe. Four design variations are tested in two different
tests, one that addresses separation at the EoL and one
that addresses separation during the product’s lifetime.
Method, results and conclusions are the contents of
this chapter. Finally, chapter 7 is a critical reflection on
the project and finishes with future recommendations.



Figure 3. Adidas Futurecraft (https://www.adidas.nl/futurecraft) - A footwear designed to be recycled.

Accordingtothewasteframeworkdirectiveinthe European
Union, the waste hierarchy is shown in figure 4. Waste
prevention is the number one goal, followed by preparation
for reuse, recycling, recovery and disposal. In the context
of 3DP onto textiles, waste prevention is achieved as
much as possible through longevity. However, the next
steps need to be addressed as well. The separation plan
proposed in this thesis aims to enable responsible material
flow through the system and safe return to the biosphere
by focusing on preparation for reuse and recycling.

The material lifecycle that improves circularity while
maintaining the directive’s instruction for polymer-textile
interfacesisexplainedinfigure5. Thejourneystartsfromthe
renewable resources. From there, two different materials
emerge, a polymer and a textile fibre. These materials are
used independently to create filament for 3DP and textile
accordingly. The two materials are brought together with
3DP and produce a product, which is used by a consumer.

After their first life the materials enter loop 1. In loop 1

a process separates the two materials and results into
recyclable bioplastics and textiles. These materials are
inserted back to the system at a material and product
level accordingly. Loop 1 is repeated as much as possible,
until the materials are not suitable for recycling.

When loop 1 reaches its limits, the materials enter loop
2 after usage. Loop 2 is inspired by the butterfly diagram
developed by Ellen McArthur foundation. Since both PLA
and cottonarerenewableresources, theyfollowthejourney
back to virgin materials through biochemical feedstock,
anaerobic digestion, regeneration biosphere and farming.

In this material journey, recycling - or when
possible, reuse - is promoted as much as possible
with consideration to the value of the materials and
the energy consumed for those processes. That is
because, material purity and energy consumption
are important factors for effective recycling systems.
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Figure 4. The waste hierarchy according to the waste framework directive by the European

Commission.
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To implement Loop 1, separation must be aligned with the
textile recycling routes and process. The current recycling
routes for material reuse and recycling in the textile value
chain are described by Sandin & Peters (2018). According
to them, fabric recycling happens when the fabric of a
product is recovered and reused in new products. In the
case that the fabric is dissembled without compromising
the polymer structure, what happens is fibre recycling. In
general, among other routes of textile recycling, fabric or
fibre recycling require less energy, in contrast with polymer
and monomer recycling, that require more energy to break
the material down to smaller building units (Harmsen &
Bos, 2020). The recycling routes are shown in figure 6

According to the waste framework directive, in a
desirability scale, after long-lasting products and
product reuse, fabric recycling is preferable. Regarding
the other types of textile recycling, there are different
ways to achieve them and oftentimes they happen
through the combination of various mechanical,
chemical and thermal processes (Sandin & Peters, 2018).

Unfortunately, textile recycling nowadays is problematic.
The lack of sorting and separation technologies that
would produce fractions pure enough for recycling
is currently hindering textile recycling (Ostlund et
al., 2015). Thus, it is important to design methods for
separation. Other than that, the current textile recycling
routes are characterised by a lack of infrastructure,
low collection rates, manual sorting, low recycling rates
and relatively low-value recycled products (Roos et al.,
2019). Considering those issues, there is potential to
increase recycling rates (Sandin & Peters, 2018) through
increasing material separation rates (Roos et al., 2019).
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Figure 6. The textile recycling routes, based on the analysis of Sandin & Peters (2018).
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To increase separation rates, a separation method that
suits the needs and characteristics of the product is
needed. This can be approached as design for disassembly.
To design for disassembly is to create products with
the intention of minimizing value loss at the end of life
(Suffian et al., 2016). For products utilizing the method
of 3DP onto textiles, the 3DP materials need to be
separated from the textile with minimum value loss.

Design for disassembly has been used in design and
architecture to address many types of products including
electronics and buildings. However, the approach cannot be
directlyappliedonpolymer - textileinterfaces,becausethey
differ in their production method, 3D printing, mechanism
of connection, and the final product is not a solid artifact.
Biodegradable layers, engineered textiles, temperature
sensitive fibres, heat deformation of filament and
responsivenessto moisture are some methods that could be
applied toseparate the polymer-textile interfaces (figure 7).

(i) Heat deformation

Heat can cause both polymers and textiles to deform.
Regarding polymers for 3DP, they are sensitive to
changes in temperature, therefore applying heat during
disassembly could reverse the process by softening the
polymer and in turn allowing the textile to be detached.
About textiles, temperature sensitive fibres react
to heat and depending on their fabrication they can
expand or compress when subjected to heat or coldness.

(ii) Biodegradable Layers

One potential solution to achieve separation and thus
improve circularity, would be to employ biodegradable
layers as one of the materials (e.g., the textile) or as
additional layers between the materials. The biodegradable
layers would engage with the materials and once optimum
circumstances are reached, they would biodegrade and
release the materials to follow their own recycling path.

(iii) Engineered stretchability in textiles

This mechanism could be applied to polymer- textile
interfaces if the two stages of stretchability would
be to engage the polymer into the textile during
usage and to release the polymer from the textile
at the EolL by fabricating the textile in a certain way.

(iv) Moisture responsiveness

Similarly with heat, textiles respond to moisture
changes in the environment. Scott (2013) fabricated
textiles that based on the moisture in the environment
change forms. This could be a potential solution
to for a disassembly lead by textile deformation.
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To conclude, in order to apply active disassembly based
on textile properties, such as heat sensitive fibres,
engineered stretchability and moisture responsiveness
needs textile fabrication expertise and specialised
machinery. Biodegrading layers largely depend on time and
decompositionrate, whichis challenging to operate without
having biology expertise. Therefore, heat deformation
for polymers is the most approachable solution in
comparison with the other methods discussed and can
be implemented using common materials and processes.

To provide a general disassembly/separation framework,
Chan et al. (2016) have named ten key principles on how to
design for disassembly, from which three principles that are
most relatable to this research. Following, these principles
are discussed in the context of 3D printing within textiles.

1. Having a disassembly plan.

It is crucial to have formulated a methodology on how to
connect and at the same time safely separate the materials
after their usage phase, so they can continue their journeys
independentlyinawaythatit fitsthe existinginfrastructure.

2. Selecting the materials.

The selected materials define the recycling potential
and impact the disassembly methodology. Therefore,
the textile and polymer choice require special attention.

3. Designing the connection

Connection details are considered to be part of the
production method. For example, the contact surface
between polymer and textile and the extend of the
textile fibre embedding in the printed part are some
of the parameters that influence the connection.

In this chapter the focus is on the disassembly plan, which
is explained in sub-chapter 2.1. The material selection
and connection design will be explored in literature
research and tested in the experimental research chapters.

G

s
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Figure 7. 1 - Heat deformation of a polymer, image and inspiration by (Melnikova et
al., 2014), 2 - Research done by New Zealand Merino Company (NZM) about the
biodegradability of merino wool, 3 - Engineered stretchability in textiles, image and
inspiration by “Petit Pli” - https://shop.petitpli.com/ and 4 - Moisture responsiveness
of textiles, image and inspiration by (Scott, 2013).
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Literature research on
polymer-textile adhesion

Figure 8. Microscopic image of the cross section of PLA 3D printed on linen (Meyer et al., 2019).

Adhesionisdefined asthe attraction between twodissimilar
phases or as the bonding of one material to another, namely
an adhesive to a substrate, due to a variety of possible
interactions. The types of adhesion are: mechanical
interlocking, physical bonding and chemical bonding.
Mechanical interlocking occurs when two materials are
held together mechanically because the viscous adhesive
material (deposited material) flows into the voids of the
adherend surface (substrate) or around projections on the
surface (Pike, 2021). Physical bonding is always present
and happens due to van der Waals forces. In comparison
to mechanical interlocking and chemical bonding, physical
bonding is characterised by weak attraction forces, that
can be considerable on large contact surfaces. Chemical
bonding includes covalent, ionic and metallic bonding and
is responsible for cohesive forces, that occur inside the
adhesive material itself. This type of bond is uncommon
betweendissimilar materials. These three types of adhesion
can occur one-by-one, or more than one simultaneously.

Singha (2012) argues that strong adhesion is a matter
of impurities presence, material compatibility (wetting),
fibre surface (roughness) and the process (viscosity).
The presence of impurities on the substrate negatively
affects adhesion. Wettability of the substrate is the
ability of a liquid to maintain contact with a solid surface
and it is controlled by the balance between the adhesive
and cohesive interaction (Moldoveanu & David, 2017).
Wettability is measured by the contact angle and good
wettability resultsinlarger contact area. Another substrate
characteristicthat affects the adhesion quality is roughness.
Roughness creates possibilities for mechanical interlocking

Polymer

Textile roughness

Mechanical Interlocking

Textile yarn

Figure 9. Zoom in - Mechanical interlocking between textile
substrate and polymer adhesive.

to occur and increases the surface for physical adhesion.
The substrate roughness should be in accordance with
wettability, to prevent voids (due to high roughness) where
adhesive cannot reach (due to low wettability). Last but not
least, a factor that is defined by the adhesive is viscosity.
Low viscosity is important to ensure that the adhesive
flows through the substrate and penetrates the voids.

In the context of 3DP onto textiles, mechanical interlocking
is the most observed adhesion type (Awaja et al., 2009;
Grimmelsmann et al., 2018; Mpofu et al., 2019; Pei
et al., 2015). In that case, polymer is the adhesive or
deposited material, textile is the adherent surface or
substrate and its roughness and pores constitute the
voids where the adhesive flows through (figures 9-10).
Physical bonding is always present as mentioned, and
cohesive bonds, thus chemical bonding, are created
between the 3D printed polymer layers (figure 10).

According to Wypych (2018), the parameters that define
interlocking are the shape, size and frequency of the
textile pores, roughness and thickness of the textile
substrate and the viscosity of the deposited material on
the bonding surface. For the polymer adhesive to wet the
substrate, it needs to have a suitable viscosity and surface
free energy, while the textile substrate needs to have
a suitable surface free energy to allow the adhesive to
spread. Viscosity and surface free energy are influenced
by different parameters, such as the printing process, and
the polymer characteristics and the textile characteristics,
accordingly. In figure 11 the relations between adhesion
and the variables (independent and dependent) are shown.

Polymer upper layers

Adhesive bond
Textile yarn

Cohesive bond

Polymer lower layers

Figure 10. Zoom out - The adhesion types between textile
substrate and polymer adhesive.
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INDEPEDENT PARAMETERS DEPENDENT PARAMETERS TYPES OF ADHESION
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Figure 11. The connections and dependencies between 3d printing process, polymer and textile related parameters in the
context of adhesion.



The printing technique that has been used by the vast
majority of the research for 3DP onto textiles is Fused
Deposition Modelling - FDM (Doubrovski et al.,, 2017;
Gorlachova & Mahltig, 2021; Grimmelsmann et al., 2018;
Loh et al, 2021; Lussenburg et al, 2014; Malengier,
Hertleer, Cardon, & Langenhove, 2018; Mpofu et al,
2019; Oyén-Calvo et al., 2019; Pei et al., 2015, 2017,
Rivera et al., 2017; Sabantina et al., 2015; Sanatgar et al,,
2017; Spahiu et al., 2017). Kozior et al. (2020) specifically
states that no other 3DP technologies have been used
than FDM for this purpose. The reasons for this choice
are the inexpensiveness and accessibility of FDM
technology, the suitability for the desired performance
and the applicability on the textile substrate. FDM
technology uses polymer filaments that are melted and
deposited on a printing bed through an extruder nozzle.
Each layer is deposited on the previous one by lowering
the printing bed (Novakova-Marcincinova et. al, 2012).

Pei et al. (2015) explain the process of 3DP polymers
directly on fabrics. However, when talking about 3DP
onto (within) textiles in this project, we refer to a slightly
different approach, where the textile is placed on the

print bed after the printer has already deposed some
layers of material on (figure 12), based on the research of
Doubrovski et al. (2017) and similarly to the research of
Loh et al. (2021). This approach has proven to overcome
problems of adhesion between the fabric and the 3D
printed material, resulting in a more reliable bond
(Doubrovski et al., 2017). The result of this process is a
material interface, constructed from polymer and textile.

After having established a printing technique, the further
factors that should be evaluated are the print settings. Print
settings do not only greatly impact the visual and haptic
finishing of the printed structure (Pei et al.,, 2015), but
also the adhesion of the same structure. Existing research
shows that printing temperature (extruder temperature)
and printing speed have the greatest impact on polymer-
textile adhesion (Sanatgar et al., 2017). It should be clear,
that most past research is revolving around printing on
fabrics and not onto, so there might be parameters where
the two methods deviate, such as the textile thickness.

Figure 12. The process of 3D printing onto textiles.

Filament

Extruder

Subsequent layers

Textile substrate
First layer
Printing bed

N\
I— Securing clip

Printing Temperature & Platform temperature

Higher process temperatures lead to increased adhesion of
3D printed structures and textiles (Gorlachova & Mahltig,
2021;Riveraetal.,2017; Sanatgar et al.,2017; Spahiu et al.,
2017). That is attributed to the fact that high temperatures
lead to more fluid polymers, so reduced polymer viscosity,
consequently allowing penetration into the textile’s
pores (Gorlachova & Mahltig, 2021; Rivera et al., 2017,
Spahiu et al.,, 2017), enhancing mechanical interlocking.
Extruder or printing temperature is the temperature
that the polymer comes out from the nozzle and platform
temperature is the temperature of the printing bed. In
figure 13 it can be seen how the platform temperature
and the change in Vviscosity influence adherence.
The printing temperature cannot be indefinitely
increased, because of the thermal stability of polymers
and textiles. In their research, Gorlacova & Maltig
(2021) found that increasing either of the temperatures,
decreases viscosity and thus increases the adhesive
bonds. Generally, it is suggested to use temperature
settings significantly below the polymer’s decomposition
temperature. The platform temperature should be the
manufacturer’s suggestion, but the printing temperature
is advised to be 5 to 100C higher than the average
temperatures recommended by suppliers (Loh et al., 2021).

Printing Speed

Another setting that is studied is printing speed and
especially for the layers closely to the interface. Decrease
of the print speed can potentially give time to the polymer
to flow through the pores of the fabric and achieve better
adhesion. Gorlachova & Mahltig(2021) found that adhesion
islinearly decreased with the elevation of the first layer’s (or
thelayer thatisin contact with the interface) printing speed.
They conclude that moderately slow speeds are strongly
suggestedforprintingthelayersincontactwiththeinterface.

Figure 13. Cross section of PLA’s penetration into polyester woven textile at printing bed temperatures of 200C (left) and 1000C

(right) (Spahiu et al., 2017).



The most relevant polymer properties are the glass
transition temperature (melting point of the polymer),
surface free energy that defines wetting and last but
not least, viscosity. The commonly used materials
in 3DP are PLA and PA 6.6 (Nylon), because of their
accessibility and performance in regards to physical
adhesion on textile fabrics (Grimmelsmann et al., 2018).
Their thermal properties and suggested temperatures
for printing (extruder and platform) are given in table 1.

Melt flow index is a measure of the resistance to flow
(viscosity) of the polymer melt at a given temperature
under a given force for a predetermined period of time
(Riley, 2012). Polymer viscosity, is a dependent polymer
parameter. Viscosity is largely depending on temperature
and thus influenced by the printing settings (printing and
platform temperatures). Higher printing temperature
leads to lower viscosity, which allows deeper and stronger
material penetration of polymers into fabrics (Spahiu et al.,

2017). The platform temperature prolongs the time when
the polymer is at low viscosity and consequently enhances
penetration. This penetration results into form-locking
connections and potentially wetting (Kozior et al., 2020).

From table 1, it seems that Nylon has lower viscosity,
which favourable for adhesion. Additionally, Gorlachova
& Mahltig, (2021) support that Nylon is less hydrophobic
than PLA, meaning that it has higher surface free energy
and is more suitable for wetting. Nonetheless, PLA is
more sustainable, as it derives from renewable resources
and is biodegradable. Furthermore, Pei et al. (2015)
performed a comparative analysis between the polymers
and found that PLA is considered the best fitted for
3DP with textiles due to printing quality reasons - low
warping and stringing properties (Loh et al., 2021). To
conclude, Nylon is better fitted for adhesion, but PLA is
more sustainable and produces better quality results.

Table 1: Thermal properties for PLA and Nylon.

Property PLA Nylon Reference
Glass transition | 600C 500C
temperature
Melting 145-160°C 185-195°C
temperature

Ultimaker
Melt mass flow 6.09 g/10 min 6.2 g/10 min (https://support.
rate (210°C,2.16 kg) |(250°C,1.2kg) | ultimaker.com/

hc/en-us)
Printing 200-210°C 230-260°C
temperature
Platform 60°C 60-70°C
Temperature
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Pore shape, size and frequency, textile roughness and
textile surface free energy are the most relevant textile
parameters regarding adhesion. These parameters are
regulated by the fibre properties and the textile fabrication
method (e.g., weaving or knitting). Figure 14, shows the
composition of textiles, from fibre to yarn and textile.

The fibre dimensions that derive from the fibres’ origin and
structure are three; fineness (linear density), length and
density. Fineness determines flexibility, length coherence
and density weight of the fabric. Meyer et al. (2019) indicate
that large fibre lengths increase the fibre-fibre friction
and therefore textile cohesion. Yarns can be fabricated
into textiles with different methods. The most common
fabrication methods for textiles are weaving and knitting,
which create fabrics with very different qualities. Woven
textiles are tighter, easier to sew, but crease easily (Pei
et al,, 2015), while knitted textiles have less dimensional
stability and thus can be stretched along their width.

For polymer-textile adhesion roughness characterisation
happens at two levels. The spinning of the fibres defines
the yarn density, which is the first level of textile roughness
(voids between fibres). Thus, yarn density affects adhesion
properties of polymer-textile interfaces (Meyer et al.,
2019; Sanatgar et al., 2017). The fabrication of the textile
defines the textile pores, which is the second level of
roughness (voids between yarns). Pore size is defined
by the tightness or looseness of the fabrication method.
Tightly fabricated textiles have smaller sized pores and
loosely fabricated textiles have larger sized pores. Pore
size is proven to have key influence on the 3DP within
textiles process. Generally, it can be challenging to achieve
attachment if the substrate’s pores size or volume offer
limited surface area, especially for the bottom layers, which
are less likely to adhere on the textile (Rivera et al., 2017).
This means that large textile pores favour the polymer
flow and therefore adherence (Grimmelsmann et al., 2018;
Sabantina et al., 2015) through mechanical interlocking
(Sabantina et al., 2015). Roughness at both levels increases
the surface area, and consequently physical adhesion,
and is the reason that mechanical interlocking occurs
(Awaja et al., 2009; Mpofu et al., 2019; Pei et al., 2015).

Free-standing fibres are directly related with textile
roughness, and their presence increases the contact
area and the mechanical interlocking between polymers
and textile (Mpofu et al., 2019). On the other hand,
surface impurities decrease the surface free energy
and reduce adhesion. Removing these impurities
by washing can increase attachment and therefore
decrease the contact angle (Gorlachova & Mahltig, 2021).

Textiles with larger thickness have been found to perform
better and achieve stronger adhesion (Gorlachova &
Mahltig, 2021; Grimmelsmann et al., 2018; Kozior et
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Figure 14. Composition of textiles: Fibres are raw material
which is being spun or twisted together to make yarns. Yarns are
interlaced, interloped or bonded together in different ways to
produce textiles.

al., 2020; Mpofu et al.,, 2019). This could potentially
be attributed to the increased connections inside the
textile structure, which provide wider surface area for
polymer penetration (Meyer et al., 2019; Mpofu et al.,
2019) and thus mechanical interlocking connections.

Lastly, surface free energy is determined by the
absorption of molecules and its increase contributes
to wetting and therefore to the contact area increase.
The increase of contact area, increases polymer-textile
physical adhesion (Mpofu et al., 2019; Pei et al., 2015).
Nonetheless, the surface free energy of the polymer
is equally important for wetting and thus adhesion.



The parameter division to printing process, polymer
and textile, may seem logical, but in reality, all the before
mentioned parameters develop connections across
different categories. In figure 15 there is an overview of the
overlapping categories and their parameters, classified and
placedontheirassigned locationonthe “map”. Wettingis the
connection link between polymer and textile, due to their
surface free energies. Increased surface free energies lead
to enhanced wetting and hence enhanced adhesion. The
common ground between polymer and 3DP is attributed
to the nature of the process, where the polymer is liquified
and deposited on the printing bed. Therefore, printing
settings such as extruder temperature and platform
temperature need to be adjusted in accordance with the
glass transition temperature of the polymer and combined,
they define the polymer viscosity wheniit is being deposited
on the printing bed. Finally, low printing speed and high
platform temperature enhance the polymer penetration
into the textile voids that characterise textile roughness.

Responding to the first sub-question, the polymer-textile
adhesion is influenced by a variety of parameters, amongst
which the most relevant ones are textile roughness - and
thus textile pore shape, size and frequency, and yarn density
-, temperature related printing settings and polymer
glass transition temperature. These parameters are
important because they are mostly related to mechanical
interlocking. Mechanical interlocking forms adhesive bonds
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between different materials (in contrast with chemical
bonding), which are stronger than physical bonding .

Nonetheless, mechanical interlocking could restrain
material separation at the EoL. Therefore, it is important
to test the boundaries of separation in regards to the
parameters that influence adhesion. Independent
parameters are suitable for testing separation, as they
can be varied systematically. Polymer glass transition
temperature is tied with the printing temperature,
therefore varying only the polymer property could be
challenging. On the contrary, printing temperature can be
variedto alimited extend to decrease viscosity and allow for
deeper penetration. Luckily, this process can be reversed at
the EoL, by increasing the temperature locally around the
connection and thus decreasing again the polymer viscosity
resulting into possible separation. The local temperature
increase during separation will be tested in the next
chapter. Finally, regarding textile roughness, the parameter
that is the easiest to vary systematically is the pore size.
This can be achieved by experimenting with a textile from
the same fibre and fabrication method resulting into two
textiles, each of them having a different pore size. Increased
pore size increases textile roughness and consequently
adhesion, nevertheless it is important to investigate how
it influences separation. For this reason, the next chapter
is dedicated to research the influence of increased
temperatures and textile roughness on separation.

3D PRINTING
PROCESS

Printing Settings

Extruder temperature

—

Platform temperature
Printing speed

Polymer viscosity Void penetration

Textile
CONTACT AREA roughness
(Yarn density,
Glass transition Pore shape, size &
temperature frequency,
Free standing fibres)
Polymer properties Wetting Fibre properties

(material compatibility) Fabrication method

Textile surface free
energy

Polymer surface free
energy

Figure 15. The parameters that influence polymer-textile adhesion are located on the overview based on their belonging to the
categories: printing process, polymer and textile. The intersections include dependent parameters that are related to more than one
category. Connections amongst the parameters are indicated with arrows. For example, textile surface free energy together with
polymer surface free energy influence wetting, that in turn affects the contact area.



Figure 16. The textiles used in the experimentation: textile A (top) & textile B (bottom)

While there is plenty of information available about
adhesion in the context of 3DP onto textiles, material
separation are hardly researched. However, it is equally
important for circular fashion. To achieve circularity, the
combined materials need to be suitable for separation
at the end or their life, so that circulation can be enabled

Two polymer types are considered for the experimental
testing: PLA and Nylon. While Nylon has shown good
adhesion properties, PLA is considered better fitted
for 3DP with textiles (Loh et al., 2021; Pei et al., 2015;
Rivera et al., 2017). PLA has good adhesion properties,
is biodegradable, cost effective and easy to print. On
the contrary, it should be noted that PLA has lower
printing temperatures than Nylon (2000C - 2100C and
2300C - 2600C accordingly) because of its low melting
temperature, which can be a disadvantage. Despite that,
PLA is selected as the polymer. The thermal properties
of PLA are already listed in table 1 of chapter 3.2.2.

During this experimentation two textile
substrates are investigated. The baseline for
the textile selection are the following criteria:

i Natural textiles

The use of natural fibres is preferred against manmade
fibres, as they are based on renewable resources and
have good recycling options (Harmsen & Bos, 2020).

ii. Mono-material textiles

Based on the poor circular potential of blended
textiles (Harmsen & Bos, 2020), in the context of
this graduation project any kind of blended textile
will be avoided and mono-materials are preferred.

through recycling of the materials. In this chapter,
the second sub-question: “Which parameters favour
separation of polymer and textile that leads to re-use or
recycling of the original materials?” is answered through
an experimental process. The method is divided into
three parts: materials, printing process and testing.

iii. Undyed textiles

Textile dyes created from petrochemicals can cause
environmental degradation and various diseases
in living organisms (Lellis et al., 2019), because of
their origin and their uncontrolled disposal in the
ecosystem. For this reason, it is decided to use
and design with undyed or naturally dyed textiles.

Woven cotton fabrics are selected, because they are
compatible (good wetting) with multiple types of polymers,
including PLA (Pei et al., 2015). Consequently, it is a textile
with good properties for experimentation. The literature
research showed that textile roughness and thus pore
size is one of the most important textile parameters. This
parameter is not yet studied in the context of separation,
even though a lot of researchers believe that it is a crucial
factor for adhesion (Grimmelsmann et al., 2018; Rivera et
al., 2017; Sabantina et al., 2015). Therefore, the selected
textile substrates originate from the same fibre (cotton) and
the same fabrication method (plain weave) with a difference
in the pore size. In figure 16 images of the selected textiles
are shown and in table 2, some useful properties of the
textiles are listed. The microscope measurements are
done by taking pictures of the textiles alongside a precise
ruler, importing these images in the software called
ImageJ and extracting the pictures shown in the table.

Table 2: The properties of the selected textiles. Textile A is a dense woven cotton and textile B is a sparse woven cotton. In the test,
textile A is used for prototypes A and textile B is used for prototypes B, accordingly. The values presented are the average and the

standard deviation from 10 measurements.

Textile Textile A - dense cotton Textile B - sparse cotton Information acquired
from:

Fibre Cotton Cotton Retailer

Fabrication method Plain weave Plain weave Retailer

Yarn thickness 0,27 £0,03 mm 0,20+ 0,02 mm Microscope

Textile thickness 0,25+0,02 mm 0,21+ 0,03 mm Digital Caliper

Pore size 0,17 +£0,03 mm 0,52+ 0,08 mm Microscope
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The process of creating the polymer-textile interface is 3D
printing within textiles. As discussed earlier, this method -
which is otherwise called the “sandwich” method, involves
the deposition of polymer layers both before and after
the placement of the textile on the printing bed. Figure 12
in chapter 3.2 already gives an overview of the printing
process. This method is selected because placing polymer
layers at both sides of the textile make separation more
challenging than printing only on one side of the textile.
A successful separation when the polymer is in contact
at both sides can be applied easier to specimens with
polymer contact at one side, than the other way around.

The process begins with the selection of the 3DP
structures. They are selected to be suitable for the
evaluation test (which is discussed in the next section) and
designed in Solidworks. Then, the model is inserted in the
slicer software Cura 4.9., which after the definition of the
printing settings (table 3) generates the operational code
for the 3D printer. The temperatures are at the upper limit

Table 3: The printing settings

of the suggested values by the manufacturer. Increased
temperatures are selected because they decrease viscosity
which improves the penetration of the polymer into the
textile pores. The speed is lower than the pre-sets in Cura,
because decreased speed offers time to the polymer to
penetrate the pores, resulting to enhanced mechanical
anchoring too. An important part of the code for printing
into textiles is the post processing extension, pause at
height. This gives the opportunity to interfere and insert
the textile layer after the first 3 layers are deposited.

Following, the code is uploaded on an Ultimaker 5 and
the printing process is initiated. PLA is extruded from
the printer creating the testing samples until the pause,
when the printing bed returns to the starting position
and the textile is placed on top of the already printed
polymer layers and secured on the platform with 4 clips,
2 on each side (figure 17). After that, the printing is
continued (figure 18) until the 3D models are fully printed.

Setting Category Setting Value
Layer Height 0.1 mm
Quality
Initial Layer Height 0.2 mm
Infill Density 100%
Infill -
Infill Pattern Triangles
Printing Temperature 2100C
Material (Temperatures) Printing Temperature Initial Layer 1900C
Platform Temperature 600C
Printing Speed 60.0 mm/s
Speed —
Initial layer speed 7.0 mm/s
P t height (I b 3
Post processing scripts ause at height (layer number)

- L4

Figure 17. The process of including the textile substrate layer into the print.

Figure 18. Footage of the printing process after the textile is placed and secured on the printing
bed.
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The evaluation method is perpendicular separation carried
out at varying temperature. Perpendicular tensile testing is
the most appropriate method to estimate overall adhesion
for 3DP onto textiles (Malengier, Hertleer, Cardon, &
Langenhove, 2018); thus, it is deemed appropriate for the
test. Performing a vertical tensile test will provide insight
into what is the force that each prototype can withstand
before critical failure and what is the elongation before
critical failure. The possible critical failure types are:
adhesive failure, cohesive failure and substrate failure,
which is also a type of cohesive and is attributed to the
substrate’s properties and fabrication (figure 19). The
experiment is repeated once in room temperature (210C)
and once with increased local temperature (400C).

However, this does not constitute a common tensile test.
For this reason, based on previous research (Malengier et
al., 2018; Gorlachova & Mahltig, 2021) a dolly (figure 20)
is printed onto the textile and then it is clamped at the
upper side of the tensile machine, while the ends of the
textile are extended around the bottom layers of the 3D
printed structure and clammed at the bottom side (figure
21). The adhesion is tested by using force measurements
during separation with a machine Zwick/Roell Z010 and
the software used is testXpert Il. The testing set-up for
this experiment is described in detail in table 4 and shown

in figure 22. The specimen used for this test does not
exist in the inventory and the closest one to that is a flat
specimen, which is the one selected. Nonetheless, there
is a difference in thickness between the upper side with
the dolly and the bottom side with the textile. To perform
the test correctly, the two grips when closed should be
aligned, therefore the bottom grip is displaced 4mm.

The measured values of the test are:

A. the peak force detection in Newton, which
indicates the force needed for separation

B. the force at initial failure in Newton, which
indicates interface longevity

Generally, temperature is an important factor in generating
theinterface through 3DP.Thus, itis considered as potential
factor for improving separation and circularity of the

interfaceattheendoftheuse.Hotairitisselected becauseit
can potentially be upscaled to larger quantities of products.

Adhesive Failure

Cohesive Failure

Substrate Failure

Figure 19. Different types of possible critical failures (inspired from “Biolin Scientific”).
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Figure 20: The dolly used, size: 23.8 x 24 mm (Malengier et al., 2018; Gorlachova & Mahltig, 2021). Top side (left)
and bottom side (right).

Figure 21: Perpendicular tensile testing for polymer-textile interfaces. Current testing setup and without the sample
(left) and with the sample (right).

Table 4: Perpendicular Tensile Test Specifics

Parameter Value
Load cell 10kN
Grips Crosshead 0.5kN
Specimen Flat

Distance between top clamp and adhesion surface 9 mm

Distance between clamps 32.48 mm
Test speed 50 mm/min
Force Shutdown Threshold 20%
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The glass transition temperature of PLA is mentioned
in table 1 and can vary depending on the amount of
residual monomer. Dry cotton is estimated to have a glass
transition temperature of 220°C, with the value dropping
to below zero when saturated with water (Huson et al.,
2017). Since PLA is expected to deform first, the selected
temperature for separation is based on its properties.
Thus, to compare the impact of heat, two temperatures

Figure 22: Test set-up with heat gun and thermocouple.

would be tested, room temperature (210C) and 400C. This
temperature is selected so that the PLA is softened, but
does not start to melt. A Steinel heat gunis used to increase
the temperature and an RS 1319A K-Type Thermometer
is used to measure the local temperature around the
sample. The textiles used in this test are textile A, for
prototype A and textile B for prototype B. Reproducibility
was established by the repetition of each test 5 times.

The samples produced are shown in figure 23. After
the test is realised, the samples are separated and have
reached a type of critical failure (figure 19). The results are
observations regarding the failure type that occurred and
the forces needed to reach critical failure and separation.

Observations

(i) Tensile test at 210C: The critical failure at
prototype A samples is more evident, since the polymer
is clearly separated, fully on the bottom and partially
on the top (one-sided adhesive failure). Regarding the
textile, after the test it remains intact. On the contrary,
the critical failure of the prototype B samples is located
at the textile (substrate failure), which gets deformed
and destroyed, while the polymer stays intact in this case.

(i) Tensile test at 400C: Textile A and PLA model are
now fully separated, with only few free-standing fibres still
attached on PLA because of two-sided adhesive failure.
Textile B does not have a visible difference from the
experimentsinroomtemperatureandstillreachessubstrate
failure. The different behaviour between the two textiles is
determined by the extent of mechanical interlocking and is
possibly attributed to the encapsulation of fibres. To better
observe the materials after separation, microscopic images
are taken. Figures 24 show the two materials and figures

25 show the two parts of the dolly after full separation.

Additionally, it is evident that the separation in the context
of interfaces is best described by the term delamination.
Delamination is a separation along a plane parallel to a
surface (Nijland & Larbi, 2010), as in the separation of
the polymer 3D printed layers from a textile substrate.

Analysis

Table 5 shows the average and standard deviation values
for the force at initial failure and the peak force, and
the type of critical failure for prototypes A and B for
both perpendicular tensile tests (at 21 and 400C). First
column of the table indicates the prototype, column 2 the
property and columns 3 and 4 display the values of the
properties for the test in room temperature and in 400C
respectively. Forces are measured in Newton. The results
of the force at initial failure areillustrated in figure 26. The
results of the tests in detail are included in appendix D.

When performing the experiment, there are
numerous factors that influence its accuracy. It
is nearly impossible to control them 100% and
when the experiment is repeated receive the exact
same results. Such factors can be random errors or
uncontrollable conditions and are recorded in table 6.

Figure 23: Dollies before the test. Left - small pore size (textile A), right - large pore size (textile B).
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Figure 24. After the test at 210C - textile A reaches one-sided adhesive failure (1) and textile B reaches cohesive failure on
the textile substrate (2). After the test at 40 oC- textile A reaches two-sided adhesive failure (3) and textile B reaches again
failure on the textile substrate (4).

Figure 25. Microscopic images after the test at 40 oC- textile A (1) and textile B (2), upper layers with free standing fibres (3)
and bottom layers (4).
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Table 5. The force at initial failure, the failure type and the peak force for prototypes using textile A and B at perpendicular
tensile tests performed in local temperature of 21 and 400C.

Perpendicular Tensile test
at 210C

Perpendicular Tensile test
at 400C

Force at initial failure

376 +11N

28,3+6,4N

Prototype A - Textile A | Failure type One-sided adhesive Two-sided adhesive
Peak force 97,3+20N 93,3+11,1N
Force at initial failure 30,5+12,2N 34,3+ 159N
Prototype B - Textile B Failure type Cohesive (Substrate) Cohesive (Substrate)
Peak force 80,9+21,8N 571+3N
120
OForce at initial Failure, Textile A, 210C
100
) MW Peak Force, Textile A, 210C
(%]
S Force at initial Failure, Textile B, 210C
o 80
'-é Peak Force, Textile B, 210C
-8 Force at initial Failure, Textile A, 400C
g 60 I
—<c; Peak Force, Textile A, 400C

40 -[

20

Force at Initial Failure, Textile B, 400C

Peak Force, Textile B, 400C

Figure 26. Comparison of adhesion of 3D printed structures printed onto two different cotton fabrics for two different
temperatures. Adhesion represents the force at initial failure or the peak force, and the bars illustrate the performance of the

prototype categories.

Table 6: Possible errors during the test.

1/ Invisible imperfections on the textile.

2/ Differences in textile surface free energy, yarn roughness and free-standing fibres affect the

Materials results more than the pore size.

3/ Production of the filament could create invisible imperfections.

4/ Change of the conditions in the printing chamber during printing (if someone opens the window
Printing and cold air flows in that suddenly reduces the temperature)

Process 5/ Accidental stop of the printing process might cause a model with different characteristics.

6/ Some leftover material in the printer could be later on printed on the samples.

7/ The textile or dolly might not be clapped at the exact same location during the test.

8/ The specimen type is not standard; therefore, the calculated values might deviate.

Test

9/ The first test might need adjustments and could lead to not accurate results.

Process 10/ Larger distance between the two grips would create a higher moment of inertia and therefore
higher separation forces, as would a shorter distance accordingly.

machinery.

11/ The room might be warmer or colder because of the temperature released by working
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Adhesive failure is preferred to substrate failure, because
it results into material separation. In this experimentation
it is found that textile B reaches substrate failure before
separation, which prevents the polymer-textile interface
from being recycled. Substrate failure not only keeps the
two materials together, therefore defeating the purpose
of perpendicular force as a separation mechanism, but
also damages the material quality of the substrate, which
undermines the product circularity. Nevertheless, the force
averages recorded at initial failure for the two textiles
confirmtheliteratureresearch,whichconcludesthattextiles
with increased roughness form more resistant polymer-
textile bonds than textiles with decreased roughness. The
lower average of peak forces of prototype B, is attributed to
the textile construction and not the polymer-textile bond.

In the beginning of this chapter, it is established that
the difference between textiles A and B is the pore size.
Gorlachova & Mahltig (2021) suggest that the mechanical
stability of atextilecanbethe definingfactor foraseparation
that results into intact or damaged materials. This leads to
the conclusion that there is a relationship between pore
size and mechanical stability of textiles. Nonetheless,
amongst textiles A and B, textile A is better suited for
material separation, because separation of prototypes
that embody textile A result into high quality recovered
materials. The textile selection completes the second key
principle of design for disassembly - material selection.
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The separation between polymer and textile A is improved
from one-sided to two-sided adhesive failure, by local
temperature increase from 21 to 400C. This is supported by
the peak force data in table 5, which prove that separation
at increased local temperatures requires lower forces
for separation. Also, as discussed in earlier chapters, the
increase of fabric recycling (reuse of textile) rates depends
on the quality of the retrieved materials and the material
separation rates (Roos et al, 2019; Sandin & Peters,
2018). Hence, to enable Loop 1 (figure 5), performing the
separationat40oCispreferredthanat21oC.Inthiscase,the
textile goes back to the part level (textile) and the polymer
is recycled back to the material level (Bioplastic PLA).

From the experimental testing it can be concluded that
the parameters that influence polymer-textile interface
separation leading to recycling are local temperatures
during the separation process and textile properties such
as pore size. The results showed that increasing the room
temperature of 210C to 400C improved clean separation
and the textile substrate with the smaller sized pores
(textile A) has more potential to be recycled in comparison
with the textile substrate that has larger sized pores (textile
B). While these insights help answering the second sub-
question, the next step is to choose a product application
that can embody the research and take it a step further.
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Design possibilities and
selection of the footwear
mid-sole

3DP onto textiles has a wide range of application purposes.
Multi-material 3DP allows the creation of heterogeneous
textile composites with different local properties. The
polymer can be used to create functional, decorative
or protective elements on a textile. The aspect that
matters the most for the applications discussed in the
context of this project is the connection and contribution
to circular fashion. This part of the chapter depicts an
exploration of the solution space where circular textiles
and 3DP into textiles intersect. This space is here named:
“design spectrum” and a representation of it is figure 27.

The design spectrum constitutes from applications that
either already use 3DP within textiles, or applications
that could benefit from applying this method. The
horizontal axis represents the market, from industrial
applications, to more artistic forms of expression. The
vertical axis represents the size, from micro to macro level.

The applications are grouped in the following general
categories: objects/furniture, wearables, spaces, footwear,
details and haute couture. It is evident that they are not
only limited in fashion; architecture and interior design
are sectors where textiles have a variety of applications
and potential and it is important to include product types
from all three of these categories. Wearables, footwear
and haute couture are connected to fashion, spaces to
architecture and finally objects to interior design. The
details cluster can be allocated to all three categories.

The method of 3DP onto textiles could benefit each
product application in a different way. It can facilitate
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product disassembly at the EolL through creative
interface design, form adaptation, form freedom or
textile effects. Each of these advantages can add value on
the product. The values are sustainability, functionality,
innovation and aesthetics, accordingly. A legend
showcases what added value each product benefits from.

(i) Circularity - The usage of 3DP in complicated products
can improve their EoL potential through design for
disassembly by minimizing the number of materials used
in a single product along with unsustainable connection
methods, such as gluing and or stitching. These methods
are not desired, because removing them can compromise
the material quality at separation. 3DP onto textiles
can be reversed and allow for disassembly at the EoL.

(i) Functionality- Formadaptationreferstomakinguseofthe
materialpropertiesandapplying3DPontotextileinawaythat
it can create newforms and add new functions to the textile.

(iii) Innovation - Using 3DP in combination with textile
can increase the possibilities of creation and reduce
the constraints of construction, providing designers
with form freedom and possibilities for innovation.

(iv) Aesthetics - In haute couture, mostly, designers use
the method to enrich the aesthetics of their creations,
sometimes through employing the method to produce a
textile effect. This method brings the materials together
by using the textile as a connector, keeping together
the structures of the 3D printed material, which works
as the textile - to create pieces of impressive aesthetic.
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Figure 27. The design spectrum: the possible product applications for implementing 3DP onto textiles and the added value of the
method (disassembly at Eol, form adaptation, form freedom and aestetics).
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The design spectrum shows the design opportunities for
3DP within textiles. In the interest of making an informed
decision about the application criteria are developed.
Whereas all the values mentioned previously are important,
sustainability is the most relevant to the topic of circular
fashion. Therefore, the criteria are based on different
aspects of circularity and EoL. Apart from the criteria, there
are some boundary conditions that the application should
comply to. A practical issue like size should be considered
together with complexity, which should be in accordance
with the workload of a graduation. Table 7 lists the criteria,
listed in descending order of importance, and the boundary
conditions that contribute to the application decision.

The product categories are evaluated through the
application of the Harris Profile method, where the
product categories score between -2 and +2 based on their
satisfaction of each criterion (figure 28). For criterion 1, the
most impact on disassembly would be for footwear, because
it is a product with multiple components that are securely
bonded together, in a lot of cases without a disassembly
plan. Therefore, 3DP onto textiles could simplify the
process and improve EoL, in contrast with other product
categories such as objects or wearables, where 3DP onto
textiles could introduce complexity regarding disassembly
atthe EoL. As for longevity, products which are subjected to
daily wear and affecting environmental conditions without
protection receive a lower score (furniture and footwear).

Functionality innovation to replace unsustainable materials
mostly contributes to products that constitute of a variety
of different materials. Footwear received the highest score
because, currently every single item is manufactured by an
average of 40 materials (Abu et al., 2017) and thus, there is
a lot of possibilities for improvement. For other wearables
and couture, it actually introduces more materials and
complicates EoL, so they receive the lowest score among
the rest of the product categories. Finally, aesthetics can
be applied in all categories to enhance attachment with
the user and it matters the most for couture, since it is
an artistic expression. Regarding the size and complexity
boundary conditions, the details receive the highest scores.

The result of the evaluation indicates that footwear is the
product category that could benefit the most from 3DP onto
textiles. It is worthy to mention that product details scored
the best in the boundary conditions, thus a combination of
footwear with details is a possibility that can satisfy both
circularity criteria and the boundary conditions. Since the
design of a complete footwear can be a great challenge
and require a team working on it fulltime for months,
the focus is narrowed down to aspects that concern
the circularity and relate to adhesion and delamination.
For this reason, the design is limited to a single part of
a sneaker, the mid-sole (figure 29), and its connection
to the fabric (rest of the shoe). Next chapter researches
how separation can be applied on the selected product.

Table 7. Criteria and boundary conditions that lead to the application selection.

1 | Disassembly

The use of 3DP onto textiles should contribute to circularity by forming reversible
connections that enable design for disassembly and recycling.

The adhesion between polymer and textile should be strong enough to withstand

6 | Complexity

2 | Longevity the forces applied during the usage phase of the product and the environmental
S conditions.
Criteria . — ) ) .
. . 3DP onto textiles develops products with different local properties and innovative
Functionality S . !
3 |. . structures that create new possibilities and functions to replace materials that
innovation .
complicate EoL.
Aesthetics / user 3DP onto textiles should add an aesthetic value to the product, so that users want to
4 attachment prolong their lifetime.
The design should be able to be printed with an Ultimaker 5.
5 | Size
Boundary
Conditions The design complexity should not be overwhelming (computational models etc.).
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OBJECTS/FURNITURE
BEE - -

FOOTWEAR DETAILS

Figure 28. The Harris Profile evaluation. The evaluated property that tends to fall on the right (received the highest
scores on the most relevant categories) is the most desirable one. The product category that fits this description is
footwear.

WEARABLES SPACES

COUTURE

UPPER

MID-SOLE

Figure 29. The typical shoe composition by Nike (From Trash to Space Hippie | Behind the Design | Nike https://
www.youtube.com/watch?v=i3n_4-c1Rg8 ).
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6.1

Experimental testing background

From the literature research it is evident that contact
area influences adhesion and thus separation. In the
experimental testing it is found that increased contact area
(resulting from increased textile roughness) negatively
impacts separation. Hence, an increase in size (from
testing dolly to sneaker mid-sole) will consequently
increase the adhesion and prevent separation (figure 30).

Fortunately, the polymer-textile contact area also depends
on the surface area, except for the size of the 3D printed
structures. Through designing the polymer-textile
interface, the contact area can be manipulated to allow
for material separation. In this chapter, four different
design variations are tested in regards to separation forces.

During separation at the EoL of the product, the polymer-
textile interface is exposed to perpendicular and shear
forces. In product applications, usage conditions need to
be considered too, since longevity is equally important
to separation. Footwear soles are exposed to repeated
loading that can lead to separation before the product’s
Eol, through deformation during walking. Walking
bends the sole in both directions of the z-axis (figure 31).

To summarize, in this chapter two separation tests (one
representing separation at EoL and one representing a
possibleseparationscenarioduringusage) will be performed
toevaluatefourdifferentfootwear mid-soledesignsthatare
printed and hence attached to the textile of the upper shoe.

Figure 30. The difference in size and therefore surface area, when transitioning from the experimental dolly to the footwear mid-sole

«
P

Figure 31. A representation of the mid-sole repeated loading.




6.2

Experimentation method

6.2.1 Sample development

During this experimentation, the materials used are PLA
as the polymer and dense woven cotton (table 2 - textile
A), as the textile. The printing process is the same with
the one explained in chapter 4.1.2. The 3D structure

printed onto the textile is a woman’s EU38 size footwear
mid-sole. The prototypes consist of four types of layers:
top, middle, textile and bottom (figure 32 & table 8).

Top layers

Middle layers

Textile layer

Bottom layers

Figure 32. Visual explanation of the four different layer types that constitute each prototype.

Textile

3

Figure 33. Schematic representation of the four interface design variations (middle

Table 8. The characteristics of each layer type: material, number of layers used, layer thickness and infill. layers): Design 1, 2, 3and 4

The interface is defined by the middle layers, because
they come in contact with the textile. Thus, the design
of these layers is key to enabling separation at the
EoL. Bottom layers are less likely to adhere (Rivera et
al., 2017), therefore it is selected to print them with
100% infill, similarly to the top layers. The textile
infill is calculated by the yarn and pore surface areas:

(0.17 + 0.27)2 — 0.172
(0.17 + 0.27)2

The four design variations of the middle layers are shown
in figure 33. Design 1 is a 100% infill model that serves as
a baseline for the experiments. Design 2 is a mesh and it is
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selected because it provides a skeleton that can withstand
deformation in both directions. Design 3 is meant to be
perpendicular to the separation direction, which happens
fromheeltotoe.Finally,design4isthesameas 3butincludes
abackbone inthe centre so that the distance between sides
is half as much to provide more support. In table 9, the
differences in surface area and infill are shown. First of all,
in comparison with the 100% infill dolly of the experimental
testing on polymer-textile interface separation, the surface
area of the 100% infill sneaker mid-sole (design 1) is 32
times larger. Designs 2 and 3 are close to size of their surface
area, whichisaround 22 and 23 % of design 1 and design 4 is
25 % the size of design 1. The prototypes produced through
this process and used for the testing are shown in figure 34.

Name Material Number Thickness Infill Table 9. the design, infill and surface area of the four design variations of the middle layers.
1 Top PLA 3 0.3mm 100% Dolly Design 1 Design 2 Design 3 Design 4
2 Middle PLA 23 2.3mm Design variation Infill 100% 100% 22% 3% 55%
3 Textile Plain woven cotton 1 0.25mm 85%* Line thickness (mm) | - i 1 1 1
4 |Bottom PLA 3 0-4mm 100% Surfacearea(mm2) 44488  [14.29147 [315937 [3.29165 |[3.521,87

Figure 34. The 3D printed prototypes of the four interface design variations (middle layers): Design 1, 2, 3 and 4
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The separation test regarding the EoL - test setup “Eol,
is performed at a local temperature of 400C, based on the
findings of the previous experiment (chapter 4). A Steinel
heat gun directed towards the prototype applies the heat,
which is measured by an RS 1319A K-Type thermocouple.
The separation is executed manually in a perpendicular
direction (as seen in figure 35). Measurements of the peak
separation force are gathered with the usage of a digital
force gauge (500N), which is attached to a Toolcraft mini
one hand clamp 100x35mm (Model no.: HT03866), that
is in turn secured on the textile end alongside the 3D
structure, which is held down manually (figures 36-37).

Pull 3D model

from separation

detail

Pull textile edge {

The test representing a possible separation scenario due
to repeated loading - test setup “lifetime”, is performed
at room temperature. During this test, the prototype
undergoes repeated bending in both directions for
an approximate curvature radius of 6-10 degrees (as
seen in figure 38) until failure. The failure scenarios
range from adhesive failure to cohesive failure of the
polymer or of the textile substrate. Finally, the gathered
measurements are the repetitions before failure.

For both test setups one
is tested, due to time

sample
limitations.

Pull 3D model
from separation detail

')

§

Pull textile edge

Figure 35. Test setup: “Eol” - the test representing the separation that happens at the EolL of the product which enables PLA and

textile recycling.

Figure 36. Top view of “Eol” separation test setup.
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Figure 37. Side view of “Eol” test setup and the measurement of the separation forces.

Figure 38. Side view of the “lifetime” test setup, which shows he repeated bending inflicted of the prototype.
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The results of the separation tests are collected in
table 10. Figures 39-40 showcase the prototypes
after separation and the failure types that occurred.

The peak forces recorded during the “Eol” separation test
show that design 1 resists the highest peak separation
forces before failure. However, the surface area (infill)
does not solely define the peak forces resistance, because
design 2 has the lowest infill and resists the highest peak
forces amongst designs 2,3 and 4. Regarding the failure
type, design 1 reached one-sided adhesive failure and
polymer cohesive failure, possibly due to the strong
polymer-textile connections. Additionally, the design
with lowest peak separation forces (design 3) reached
polymer cohesive failure, that is possibly attributed
to the lack of support in the perpendicular direction.

As for the “lifetime” separation test, similarly to the “Eol”
test, design 1 resists the most repetitions in contrast
with the other designs (2,3 and 4). The low repetition
resistance for designs 2,3 and 4 could be attributed to

the degree of deformation that the mid-sole undergoes
in the experiment. During this test, the critical failure
that is observed for all the designs is polymer cohesive
failure and one-sided adhesive failure at the layers below
the textile. This means that the polymer mid-sole failed
instead of its connection to the textile. Last but not least,
for designs 1,3 and 4 cohesive failure happened only
once, while for design 2, multiple fracture occurred.

Finally, it is important to mention the possible errors
that could happen during the separations. This test
setup is not very precise, because of the human factor,
so it is suggested to design an experimental setup that
rules out the human component, for more accurate
and reliable results. Also, producing the models is time
consuming, thus only 1 sample per design variation is
tested. Using one sample is very limiting in regards of
statistical analysis, so it is suggested in the future to
select two designs and repeat the process with at least 5
samples. For the full possible error overview, see table 11.

Table 10. Each design’s performance in regards to peak separation force at the “Eol” separation test and to loading repetitions at the
“lifetime” separation test, along with the failure types which occurred at every occasion.

“EoL” Separation Test “Lifetime” separation test
Design - Infill
csign-n Peak separation | Failure type Loading Failure type
force Repetitions
1-100% 510N One-sided adhesive failure + | 198 Polymer cohesive failure
polymer cohesive failure + one-sided adhesive failure
2-22% 417N Adhesive failure 31 Polymer cohesive failure
+ one-sided adhesive failure
3-23% 18,3 N Adhesive failure 23 Polymer cohesive failure
+ polymer cohesive failure + one-sided adhesive failure
4-25% 271N Adhesive failure 23 Polymer cohesive failure
+ one-sided adhesive failure

Table 11: Possible errors during the separation tests.

1/ The heating around the prototype is not uniform.
Eol. . 2/ Perpendicular forces could be mixed with shear forces because the two components of the
separation . . . . ..
test separation (polymer and textile) are not secured in their position.
3/ During the test there is no control of the separation direction.
4/ In reality, sole bending on the z-axis during walking happens in a lot of different positions along the
y-axis and not just the centre.
“Lifetime” 5/ The force of bending could vary between repetitions.
separation
test 6/ The bending angle might differ between repetitions.
7/ During the test there is no control of the bending direction.
Analysis 8/ The limited number of samples can lead to misinformation.

Figure 39. The “EoL” separation test setup led to adhesive failure for all the designs. For design 1 (image 1), one-
sided adhesive separation occurred at the layers below the textile (bottom layer type). Designs 2 (image 2), 3
(image 3) and 4 (image 4) resulted into material separation due to two-sided adhesive failure. During separation,
polymer cohesive failure occurred for designs 1 and 3.

Figures 40. The “lifetime” separation setup led to polymer cohesive failure at the layers above the textile (middle
and top layer types) and one-sided adhesive failure for the layers below the textile (bottom layer type). For designs
1,2 and 4 the cohesive failure happened once, close to the centre of the 3D structure (left image), while for design 3
it happened multiple times along the 3D structure (right image).
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6.4
Conclusions

Adhesive failure is the desired type of failure in regards
to separation and recycling, because it releases the two
materials from each other, especially when it is two-
sided, and allows them to follow their individual recycling
paths (fabric recycling or textile reuse and polymer
recycling). In the occasions that one-sided adhesive failure
happens, additional measures need to be taken to fully
separate the remaining polymer layers from the textile.

When one-sided adhesive failure happens, the layers
that get separated from the textile are always the layers
below the textile (bottom layer type). This happens
because the bottom layers attach to the textile after
being printed, in contrast with the layers above it (middle
and top layer types) which adhere to the textile during
printing. To further explain, the bottom layers are close
to the polymer glass transition temperature due to the
platform temperature and the layers above the textile are
at the extruder temperature (60 and 200 oC respectively),
which causes the polymer to be in a much lower viscosity
while at the same time being pressed against the textile.
As discussed in chapter 3, lower viscosity enables deeper
penetration to the textile voids and stronger adhesion.

Finally, polymer cohesive failure is undesirable failure
type because similarly to substrate cohesive failure, it
does not separate the materials and at the same time
complicates recycling. Even worse, when there are multiple
locations of cohesive failure (design 3 - figure 40), it is
nearly impossible to separate the materials thoroughly.

During the “Eol” separation test, the prototypes failed
either by reaching one-sided (design 1) or two-sided
adhesive failure (designs 2, 3 and 4) and sometimes
polymer cohesive failure (designs 1 and 3). In contrast
with experimental testing on polymer-textile interface,
there is no textile substrate cohesive failure, which is
possibly attributed to the selection of textile A. The
“lifetime” separation test resulted into polymer cohesive
failure and one-sided adhesive failure in all cases.

Insight 1: Increased surface area leads to strong,
but irreversible polymer-textile bonds.

Overall, design 1 provides the strongest adhesion
due to the large surface area, but it does so
in an irreversible way. The critical failures it
reached at both separation tests are not desired.

Insight 2: Interface design as an influential
parameter for separation.

Designs 2, 3 and 4 have similar surface area (22%, 23% and
25% of design 1 respectively). However, the peak forces
received in descending order are for: design 2,4 and 3. That
indicates the influence on adhesion of another parameter,
which is the interface design. Even though design 2 has the
leastsurfacearea,itformsthestrongerpolymer-textilebond.
Possibly, the lines at both directions instead of one (design
3) provided better stability and thus resisted to separation.
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Insight 3: The condition to achieve reversible
polymer-textile bonds is to use 3D structures
and textiles that are more resistant to separation
forces than their bond.

Despite the increased peak forces of designs 2 and 4, in
regards to separation and recyclability, the failure type that
occurs during the separation process is more important
than the peak forces. These two designs have reached
two-sided adhesive failure without compromising the
quality of the textile or complicating separation through
cohesive failure. Therefore, to achieve reversible polymer-
textile bonds, the cohesive connections of adhesive and
substrate must be stronger than the adhesive polymer-
textile bond, so that the bond fails before the materials.

Insight 4: Shear forces present in polymer-
textile separation for footwear.

Furthermore, fromtheresultsitis clear that the peak forces
recorded are lower than the peak forces in the experimental
polymer-textile separation (dolly as 3D structure). This
is possibly attributed to the current experimental setup,
where shear forces are likely to be applied instead of
tensile forces. Even though this is possibly a more accurate
force application in comparison to tensile forces, the peak
forces between the two experiments cannot be compared.

Insight 5: Lifetime failure affecting EoL.

During the “lifetime” separation test, the critical failure
that is observed is cohesive failure, instead of adhesive
failure. This means that the polymer mid- sole failed
instead of its bond to the textile. While this shows that
the polymer-textile bond is less likely to separate during
use, at EoL the mid-soles that polymer cohesive failure
has occurred previously will have complicated separation
and recycling. Thus, it is important to overcome failures
related to the materials structure (3D print or textile).

Reflecting on the third sub-question, the parameters that
influence adhesion can be combined with the parameters
that favour separation through the utilization of interface
design in a way that it allows for separation and provides a
stable polymer-textile bond during use, so that itis resistant
to repeated loading. The interface design regulates
adhesive connection by distributing the surface area,
which is the area available for contact between polymer
and textile. The amount of penetration and the contact
are consequently defined by the area available for contact
(surface area), the textile roughness and the polymer
viscosity. While textile roughness is constant once a specific
textile is selected, polymer viscosity varies depending
on the local temperature conditions and can therefore
enable separation. However, the separation actually
happens, only when the polymer-textile interface reaches
adhesive failure. The difference between failure types is
dependent on the materials’ individual cohesive bonds
and the polymer-textile adhesive bond that can be tunned
through designing the interface. This is the extent of the
connection design performed in this project (chapter 2.3)




This exploration started with an envisioned material
journey. Although a lot of progress has been made in this
direction, the way to realizing material circularity is long
and not fully explored. The first step towards the envisioned
material journey is achieving material separation at the EoL
of the product through the creation of reversible polymer-
textile bonds, sothatin EoL the materials can be individually
recycled. Inspired from DfD, a framework for separation is
developed. At this chapter, the steps and decisions taken
following this framework to reach separation are criticized.

The separation framework begins with establishing a
disassembly plan, which is represented by the envisioned
material journey and enabled by the separation happening
throughheat deformation. For this to happen, the recovered
materials need to be in condition suitable for recycling,
whichisnotguaranteed for PLA afterthe separation,sincein
figure 25 isit evident that the polymer has residual of textile
fibres. Low purity of the PLA stream may affect the PLA
recycling (Beeftink et al., 2021). Additionally, the circulation
of materials in loop 1 (figure 5) is not proven through the
exploration, as the materials used are not recycled and is
thus unknown how recycled materials would respond to
the production process of 3DP and if the properties of the
connection remain the same. What’s more, in case fabric
recycling is not possible and fibre recycling is required, it
results into either shortened cotton fibres (mechanical
recycling), which are unsuitable for apparel applications
or other types of fibres like viscose and lyocell (chemical
recycling) (Harmsen & Bos, 2020). A fibre more suitable for
fibre recycling is wool and could be an alternative to cotton.

Besides material recycling properties, material selection
should also be influenced by mechanical properties.
Mechanical properties (such as tensile modulus) need to
be considered to ensure reversible polymer-textile bonds.
Therefore, substituting cotton with a stronger material
while maintaining the fabrication method of textile B
(larger pore sized textile) would result into a more force
resistant polymer-textile interface than the ones explored
in the project. Furthermore, flexible polymers could
prevent the cohesive failure that happened in the “lifetime”
separation tests and improve comfort during usage.
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Regarding the connection design, there are aspects that
could be improved or further researched. In this project
textile pore size is researched as a textile roughness
indicator. Nonetheless, textile pore frequency combined
with textile pore size is a stronger indicator of the textile
roughness and needs to be taken into account. Another
aspect to improve would be implementing higher local
separation temperatures to ease separation for the
prototypes that reached cohesive failure (textile substrate
or polymer). Moreover, the separation tests need to be
carried out in a consistent and controlled manner to
ensure quality of the separated materials. Currently, the
type of forces measured in the experiments might not
be very accurate. Except for that, the “Eol” separation
test is not 100% consistent with the tensile testing done
perviously, which means that the peak force measurements
from the dollies and the footwear mid-soles cannot
be directly compared. In real usage conditions, shear
forces are also present. The test must be repeated at
least 5 times in a controlled environment for credibility
too. The 3D structure can also afford improvements.

Regarding the influence of usage conditions, a lattice
structure especially designed for walking can be a
measurement to avoid the repetitive fraction that
happened in “lifetime” separation tests and to address
realistic footwear mid-sole scenarios. Finally, the
separation should be facilitated by a design detail,
because at this stage separation initiation was
challenging and might have tempered with the results.

Last but not least, there are some concerns about the
footwear application. Mid-sole is most of the time
accompanied by an outsole, which is not addressed in this
project, and always attached to the upper shoe textile,
which is partly addressed in terms of connection to the
mid-sole but not as a functional product part itself. What
is more, in the polymer-textile interface should be tested in
usage conditions further, as it is evident that they influence
EoL as well (“lifetime” separation test). Lastly, 3DP is not
equivalent to mass manufacture: it is slow and expensive.
The average sole takes seven hours to print. Thus, there
might be difficulties to continue with this application.

There are some steps that could be taken in the future,
to overcome the issues mentioned previously. Firstly,
to improve the separation tests, an experimental setup
that is at least partly automated needs to be designed,
so that separation is performed in a controlled and
consistent manner and repeat it for at least 5 times
to ensure reproducibility. To come a step closer to
the envisioned material journey, recycled materials
need to be tested in the same separation conditions
(“Eol” and “lifetime”) to investigate their response to
separation and if it coincides with the virgin materials.

For the sake of improving the application of polymer-
textile interfaces on footwear, the tested designs of the
mid-sole middle layers should be replaced by lattice

structures and flexible polymers need to be tested instead
of stiff PLA. Overall, in applications the form fitting of the
products needs to be designed as well. Specifically for
footwear, the upper shoe textile can be shaped to fit the
user by 3DP a few layers onto the textile according to the
desired shape-change (figure 41). Lastly, the fabrication of
responsive textiles such as wool or heat responsive fibres
can create a foldable shoe that would activate itself by
coming in contact with the 3D printed polymer structure.

Finally, the separation framework can facilitate the
experimentation and testing of materials and methods and
can be applied to other materials to create a material library
that would broaden the scope of product applications.

Figure 41. A vision of how 3D printed structures would be placed to shape the textile. Details for separation and structures that would

aid shaping are shown.
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The following table summarises the outcome of the
literature research about adhesion of polymer-textile
interfaces. The second column lists all the influential
parameters and the first column the category they belong
to. The column titled: impact on adherence, describes the

two possible answers, direct and inversely proportional.
Then, based on the research there are suggested
properties and their reference. Finally, the last column
lists other parameters that can be influenced by potential
changes of this parameter.

relationship of the parameter and adherence. There are

TT: This symbol means that the parameter is directly proportional with the polymer-
textile adhesion.

Tl : This symbol means that the parameter is inversely proportional with the polymer-
textile adhesion.

Parameter | Parameter Impacton | Suggested Reference Parameter
Category Adherence | Property Dependence
Production Method
Process - FDM (All papers) -
Printing Z-distance Tl 4] (Oyén-Calvo et | Textile thickness
setting 0.2 below textile | al.,, 2019)
(PP} surface (Grimmelsmann
et al., 2018)
> Printing / i 10-30*C over (Gorlachova & Polymer viscosity
Extruder suppliers’ Mahiltig, 2021) | Polymer properties
Temperature average
recommendation
> Platform / T 10-40°C over (Gorlachova & Polymer viscosity
Printing Bed suppliers’ Mahltig, 2021) | Polymer properties
Temperature average
recommendation
> Printing Tl 1 0.8-1.0 (Gorlachova & Polymer properties
Speed m/min = Mahltig, 2021) | Time
2mmy/sec
2™: 3.3 m/min =
&.5mm/sec (Loh et al.,
20 mmJ/sec 2021)
45 mm/sec
> Layer Height Tl >0.2 mm (Spahiu et al., Contact area
2017)
> Polymer Flow | - 100% (Loh et al., -
2021; Spahiu et
al., 2017}
>> Extrusion - 0.4 - -
Width
> Infill - Rectilinear, (Loh et al., -
100% 2021)
Stabilization - Attachment with | (Oyén-Calvo et | Flexibility
clips or double- al., 2019; Rivera | Stretchability
sided tape etal, 2017) Compression
Contact Area i - - Polymer Viscosity
Layer Height
Extrusion Width
Poresize
Polymer
Filament - PLA (Loh et al., Extrusion
Material 2021; Peietal., | Temperature
2017; Riveraet | Polymer Viscosity
al., 2017) Decomposition
MNylon Temperature

63




{Gorlachova &
Mahltig, 2021)

Viscosity

Tl

Extrusion
Temperature
Platform
Temperature
Printing Speed
Contact Area
Polymer properties
Textile roughness
Free-standing fibres

Textile

Fibre

Fibre Type

MNatural: acrylic
and cotton

{(Mpofu et al.,
2019)

Flexibility
Length
Weight
Hydrophilicity

Fibre

Rate of
Absorption /
Hydrophilicity

il

Materials with
similar rate of
absorption are
favoured

(e,g, Cotton -
Nylon)

{Gorlachova &
Mahltig, 2021)

Material
Compatibility
Fabrication method
Treatments
Polymer
Hydrophilicity

Textile
structure

Thickness™®

i

Z-distance

-

Roughness

i

Free standing fibres
Polymer viscosity

Fabrication

Fabrication
Method

Pore size
Dimensional
stability
Stabilization

-

Pore size

il

Polymer viscosity
Fabrication method
Contact area

g

Free standing
fibres

i

Roughness
Contact area

Treatment

Washing/
coating

Depends
on the
treatment

Hydrophilicity
Material
compatibility

General

P-T

Material
Compatibility

Hydrophilicity
Polymer properties
Textile properties

PM-P

Time
Dependency

,,,,,,,,,,

temperature
Dimensional
stability
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The first step of the experimentation is to prototype
using different textiles with the same filament, in order
to explore the possibilities, understand the interaction
between the materials themselves and the process and
finally identify sweet spots for further prototyping. The
timespan spent during this experimentation is around

20 days and it can be considered as the first part of the
development process. Following, the method, results and
conclusions will be discussed.

Textile A

The pore size of this textile is a limiting factor for polymer
- textile adhesion. The extruded polymer does not

flow through the pores and therefore the bottom layer
detaches from the textile spontaneously. However, if the
textile is ironed in a high ironing setting (linen) before
being placed on the printing bed and coming in contact
with the first printed polymer layers (step 4), adhesion
with the bottom layers is improved significantly and the
process results into a successful print.

Textile B

The increase of the pore size contributed to the adhesion
of the two materials like suggested from the literature
research. It is clear that printing with textile B is an easier
process compared to textile A (figures XX). This however
can complicate the separation of the materials.

Textile C

When natural fibres are heated in high temperatures

the fibre decomposes, while polymer based fibres melt
(Morton & Hearle, 2008). Which is what happened during
the printing process. The polyester textile softened
because of the increased temperatures, possibly leading
to chemical adhesion. This is not an advantage, since it

makes the delamination and circularity nearly impossible.
The yarn thinness and pore size ration (area that PLA flows
through) contributed to the adhesion and resulted to very
good printing quality.

Textile D

The last textile is tested to investigate knitted materials
and their response to the process. What was found

during the experimentation is that knitted materials’ low
dimensional stability creates an instable environment for
the printing nozzle, which can get entangled and refrain
from laying material on the textile. The extension of the
knitted materials on the printing bed overcomes this
problem, without however reaching reliable results that
can be easily reproduced.

Additional to the before mentioned difficulties, the final
print quality is compromised. Despite the improvement
with stretching, warp is evident along the vertical axis,
which occurred in the direction that the fabric was

not stretched. Improvement of the stretching is nearly
impossible, since the design of a printer only has 3 free
edges to secure the fabric and so, it cannot be stretched
along the vertical direction.

The textile variety stems from a lot of different factors,
such as fibre properties, fabrication method and textile
structure. Therefore, the selected textiles cannot be
directly compared. However, the observations can give
indications of which parameter is mostly responsible for a
specific behaviour. It is important to understand the cause
and effect in order to identify relevant properties for
achieving delamination. One should bear in mind, that each
result is specific to the test performed and it cannot always
be generalized for the whole range of knitted textiles, for
example.

Table 12: All the textiles that were used in the initial experimentation.

= Ve A . ‘ Information
4 , | |
|| FIRS mg fili * } A | | acquired
] EJ}; g‘_ ’ [ i" “g ] from:

. V| AL R | i '

oot i e | | h«.hﬂ.ﬂ‘ | | -:l! P \4 4 j &

Textile A - Textile B - Textile C TextileD
Textile dense cotton sparse cotton
Fibre Cotton Cotton Polyester Viscose 80%, Retailer

Elastane 20%

Fabricati | Plain weave Plain weave Plain weave Knit Retailer
on
method
Yarn 0,27 £0,03 0,20£0,02 0,06 £0,01 0,34 £0,06 Microscope
thicknes | mm mm mm mm
s
Textile 0,25+0,02 0,21+0,03 0,11+£0,00 0,59 +£0,02 Digital
thicknes | mm mm mm mm Caliper
s
Poresize | 0,17 0,03 0,52 +0,08 0,33+0,05 0,32 +£0,03 Microscope

mm mm mm mm

65



Figures 42: Printing on
textile A after applying
heat (1), the result (2).
Printing on textile B (3),
the result (4). During
the process of printing
with textile C (5), the
result (6). Printing on
knitted textile without
stretching (7) and with
stretching (8). The
created warp of knitted
textiles being printed
on (%,10).

In this part of the experiments, contact area between
textile substrate and polymer is investigated as an
influential parameter. The goal is to experiment with the
design of the interphase and understand how it affects it.
In what degree can we design the interphase? What is a
reduced surface area between the two materials that can
still achieve good adhesion?

The maximum area is considered to be the surface area of
the solid model. An example of a reduced area could be just
the outline of the model with a specific thickness. This will
be in direct contact with the textile and therefore define
the adhesion. The contact area is produced by the same
polymer that the model is created, in this case PLA. The
ideais in fact, to create a costume-made local infill for the
design. This way, there is more design freedom regarding
the infill design and a variety of infills can be included in
the same solid. In figure XX, the final design of the contact

area is showcased, in order to help with the understanding
of the design. The time dedicated to this exploration is
around 10 days.

Figure 43: Exploded view of the contact area design between
polymer and textile.




Figure 44. The results of the experimentation using different designs with PLA and textile A, B and C.
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Table 13 Perpendicular tensile testing (210C) results, peak detection force in Newton.

Peak detection (N)
Prototype A1 94,79203796 Prototype B1 118,7954712
Prototype A2 65,50563812 Prototype B2 7247153473
Prototype A3 98,82685089 Prototype B3 63,06346893
Prototype A4 118,3696442 Prototype B4 73,85939789
Prototype A5 108,8741455 Prototype B5 76,52011871
Table 14: Perpendicular tensile testing (210C) results, elongation in millimetre.
Elongation (mm)
Prototype A1 180,2077 Prototype B1 2224607
Prototype A2 180,277 Prototype B2 180,0063
Prototype A3 180,2076 Prototype B3 1799151
Prototype A4 180,0059 Prototype B4 180,0059
Prototype A5 180,0057 Prototype B5 180,2076
Table 15: Perpendicular tensile testing (400C) results, peak detection force in Newton.
Peak detection (N)
Prototype A1 93,90512085 Prototype B1 54,11581421
Prototype A2 8933997345 Prototype B2 55,45710754
Prototype A3 108,1705399 Prototype B3 60,97958755
Prototype A4 81,7542038 Prototype B4 5782324982
Prototype A5 Measurement failed Prototype B5 Measurement failed

Table 16: Perpendicular tensile testing (400C) results, elongation in millimetre.

Elongation (mm)

Prototype A1 3246634065 Prototype B1 3248001165
Prototype A2 3247999539 Prototype B2 32,48001351
Prototype A3 324799919 Prototype B3 3248054882
Prototype A4 3248706116 Prototype B4 3249511558
Prototype A5 Measurement failed Prototype B5 Measurement failed
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Reversible Textile 3D Printing project title

Please state the title of your graduation project {above) and the start date and end date (below). Keep the title compact and simple.
Do not use abbreviations. The remainder of this document allows you to define and clarify your graduation project.

startdate 30 - 03 - 2021 01 - 04 - 2022 end date

Currently, there s a transition towards a future where the fashion systern is circular. In this systemn, fashion iterns will be
designed, sourced, produced and provided with the intention to be used and circulate responsibly and effectively in
society for as long as possible in their most valuable form, and hereafter return safely to the biosphere when no langer
of hurman use (Brisrnar 2014, 2017).

At the same time, there is plenty of research regarding products that combine 3D printed material with textile, both in
fashion and architecture, Remarkable examples are the MIT Self-Assembly Lab, which experiments with innovative
applications in fashion (Self-Assermbly Lab, 2020), and Iris van Herpen Atelier, where the haute couture designer
develops three-dimensional ethereal creations (Herpen, 2020), In the future, it is predicted that printing into textile will
be a common practice in products.

But why is this material combination thriving? There are numerous advantages of the materials separately and
together, Textiles are materials that designers know deeply and experiment often that vary in both form and
application, have rermarkable flexibility and soft nature, Nonetheless, forming a fabric is accomplished by
labor-intensive actions that require skills and knowledge (Rivera et al, 2017). 3D printed rmaterials offer a lightweight
solution, provide support and create three-dimensional geometry framewaorks for shaping other materials (Kycia, 2018),
in this case the textile, From a sustainable point of view, 30 printing as a process has significant material savings, since
its personalized nature produces no material waste (Lussenburg et al, 2003}, Together, textiles and 30 printed
materials, they create new possibilities for innovative design applications. However, in order to ensure a long life for
the product, the two materials have to be reliably bonded and completely interlocked. Therefore, designers need to
incorporate the fabric within the printed material (Doubrovski et al, 2017), which poses challenges for the end-of-life
of the product, since they cannot be separated anymore,

In general, it is estimated that after the usage phase of garments, almost all the value in the materials they are made
from is lost, Less than 1% of material used to produce clothing is recycled into new clothing (Shepherd etal, 2017),
This can be attributed to the fact that the end-of-life of a product is highly dependent on the choices made during the
developrnent of a product (Rompa Group, 2020).

To conclude, 3D printing into textiles creates new design opportunities that bear the responsibility of integrating
circularity in the final product application. This could be proved challenging if one takes into account the separation of
interlocked materials and the contradiction between durability and recyclability,
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3D Printing within Textile
3D Printing Layers

Textile Layer

Printing Bed

Result: Interlocked material

image / figure 1. Explanation of the 30 printing within textiles process,

image / figure 2;  Ludi Naturae, the Foliage Dress, 3D printing within textile {Iris van Herpen, 2020),
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PROBLEM DEFINITION **

Limit and define the scope and solution space of your project to one that is manageable within one Master Graduation Project of 30
EC {= 20 full ime weeks or 100 working days) and clearly indicate what issue(s) should be addressed in this project.

ASSIGNMENT **
State in Z or 3 sentences what you are going to research, design, create and / or generate, that will solve {part of} the issue(s) pointed

The graduation project addresses the need to design for a future that is circular and innovative, Especially, it focuses on
design for recycling and 3D printing into textile. Right now, there are problems when it comes to recycling of polymer
reinforced textile, The material combination cannot be allocated to any of the recycling categories and separation of
the materials is almostimpossible 1o achieve or would reguire plenty of manual labor, which is not viable, The scope of
this graduation project includes design for recycling, but it does notinclude recycling in the sense of using recycled
materfal. Regarding the material, the exact textile and polymer are not defined yet, but the process is 3D printing
within textiles, where textile is placed in-between layers of 3D print, Possibly, the textile will be a natural fiber and the
polymer a recycled plastic, Finally, the exact application will be defined during the graduation project, but the product
context will be within the boundaries of fashion.

With all that being said, the challenge is: How to design with 30 printing within textile in a way that is reliable and
recyclable at the same time without comnpromising the functional and aesthetic value of the materials?

lem definition”. Then illustrate this assignment by indicating what kind of solution you expect and / or aim to ¢
instance: a | ) uct-service comhbination, a strateqgy illustrated through product or product-service combination ideas, ... . In
case of a Specialisation and/or Annotation, make sure the assignment reflects this/these.

The objectives of the graduation praject are:
1. Develop a design method for 3D printing into textile that enables product circularity
~Dermonstrate the desigrwitha product

The expectation for the project is to design a circular product by means of 3D printing into textile. Product circularity is
characterized by minimum waste, durability and recyclability. Minimurm waste is achieved by the usage of 3D printing
and durability is ensured by the interlacking of the materials, but recyclability is currently not addressed. At this point it
is important to mention that durability and recyclablity are two characteristics that contradict each other, therefore it is
a challenge to achieve both at the same time. For this reason, | will explore the possibilities of creating a connection
-form variations, chemical combinations, mechanical properties- so that recycling is possible and disassernbly requires
a semi-automatic process instead of extensive manual labar, Regarding the second part, | will demonstrate this
method by designing a product which will make use of the possibilities offered by 3D printing into textile and it will be
intended for a textile application where three-dimensionality and lightweight structure are needed. Defining this
application will also be also part of the exploration during this graduation project.
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PLANNING AND APPROACH **

Include a Gantt Chart (replace the example below - more examples can be found in Manual 2) that shows the different phases of your
ject, deliver you have in mind, meetings, and how you plan to spend your time. Please note that all activities should fit within

EC = 20 full time weeks or 100 working days, and your planning should include a kick-off meeting, mid-term
en light meeting and ion ceremony. Illustrate your Gantt Chart by, for instan Ning your aj .and
periods of part-time activities and/or periods of not spending time on your graduation project, if any, for instance
because of holidays or parallel activities.

startdate 30 -3 - 3021 1 - 4 - 2027 end date
ACTIVITY PLANNING
Calendar Week 13 14 18 16 19 20 21 22 23 24 25 26 27 35 36 37 36 3940 41 424544 4546 47 48 49 50 1 2 3 4 6 7 8 910 1112 13
Available days for graduation per week 4 333333333333 2¢22222%222111122727272272722724444 2
Total Graduation Days 4 71013 16 18 22 25 28 31 34 37 40 42 44 46 48 50 52 54 56 58 59 60 61 62 64 66 68 70 72 74 76 78 80 82 B6 90 84 53 100
Meetings [ ot Midt Green Light Meet Gradu
Deliverables POC Vision Provisional Design Properties Value Showcase
Materials & 3D Printing Approaches/Methods
Analysis — Recycling options for textile and plastic
Research Separation Approachesivethods
P Potential Applications
H Experimentation with rapid prototyping
A |Syihesis—  [\gegtion
5 |idea —
E |deveinpment | Participation Session with experts
S Decide on application and product
Modelling ideas and prototypes
R (S — 4 on objectve 1
A |creation imulations focused an ahjective
¢ Adaptation based on objective 2
T Evalat Testing simulations for objective 1
1 |Evaluation —
v |Testirg Testing with users for objective 2
1 Design evaluation based on criteria
1|' Apply iterations
Decision —
E |Fnalze Final Design Showcase
S Propose fubure iterations

The graduation will be done part-time, starting with 3 days per week until the midterm evaluation, 1-2 days weekly
until the green-ight meeting, because of remaining obligations for the advanced concept design course, and full tire
for the rest, Despite the remaining course obligations, after contacting the board of examiners, | was allowed to start
my graduation project,

The approach followed during the projectis the basic design cycle (Boeijen et al, 2014), Starting with analysis, research
will be conducted on materials, 3D printing and separation approaches and methodologies, recycling options for
textile and plastic and potential applications, The deliverables from analysis will be the program of criteria, the design
vision and the final application. Synthesis follows after that, where | will explore ideas through creative sessions, a
participation workshop with either experts or end-users (depending on the findings from previous research and
idleation) and experimentation through rapid prototyping. The outcorne of this stage will be a provisional design, Next
step will be sirmulation with outcome the expected properties, where the knowledge will be gathered by creating
(research through design) and especially madeling ideas and prototypes, simulations focused on objective 1 and
adaptation based on objective 2, Evaluation s a critical step in a design process, For this graduation project it will
include laboratory testing for objective 1, user testing for objective 2 and of course evaluation of the design based on
the criteria, resulting in the value of the design. Lastly, the decision phase of the project will finalize the design by
applying iterations, designing the showcase, which will be a product and possibly a movie, and future iterations
propasition. During this whole time iterations and repetitions are expected to happen and for this reason overlapping
is calculated in the gantt chart, There will be updates every 6 working days and meetings with the supervisory team
throughout the graduation with special attention to the formal meetings and their deliverables; kick-off meeting at the
30/03/2021, midterrn evaluation at the 09/07/2021, green-light meeting at the 26/02/2022 and graduation ceremaony
at the 01/04/2022, In-between the graduation | will take 3 weeks of break, to rest and look towards the project afresh.
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MOTIVATION AND PERSONAL AMBITIONS

Explain why you set up this project, what competences you want to prove and leam. For example: acquired competences from your
MSc programme, the elective semester, extra-curricular activities {etc.}) and point out the competences you have yet developed.
Optionally, descri onal learning ambitions you itly want to 2SS In this p f i

of the Graduation Project, such as: in depth knowledge a on specific subject, broadening your competence
specific tool and/or methodology, ... . Stick to no mare than five ambitions.

FINAL COMMENTS

In case your project brief needs final comments, please add any information you think is relevant.

The main driver for this projectis my ambition to explore the boundaries of the fashion industry and attempt to
contribute in a future fashion systemn thatis circular and instead of condemning the environment, the fashion industry
and designers use it as a source of Inspiration to create products that celebrate its existence.

But why fashion? Because fashion products are used in daily life and by all peaple. Additionally, textiles have long
tradition and a complex and fluid nature that can create extracrdinary aesthetics and evoke emotions, However, it is
time to fundamentally change thelr production, since it currently affects negatively their value and long-term
prospects, Additive manufacturing s a promising production process that could create a positive impact if it gets
further implemented into the industry, therefore it is worthy to research and design for,

Along the way, | intend to use my competencies from rmy studies so far, My mechanical engineering background will
help me to deeper understand the materfal properties and 3D printing process, This understanding will be useful
when researching the possible assembly processes as well as in testing the structures of the combined materials, A skill
that I developed both in mechanical engineering and product design is 3D maodelling, which will be crucial for the
project in the iterative stage of design development during the 3D printing process. Moreover, during previous design
projects | practiced design for disassembly which is highly relevant to the project, since it aims to achieve an outcome
that allows both assembly and disassembly of the structure, At the same tme, | aim to develop form, experience and
aesthetics application on products, since itis an important aspectin fashion,

The competences | wish to acquire while working on the graduation project relate to rapid prototyping, textile in
product design and circular design. Prototyping is a skill thatallows designers develop and improve their products and
especially rapid prototyping is increasing in popularity because of the creative freedom it provides to the designer.
Textile s a very particular product category, therefore learning how to manipulate it will be a useful lesson, taking into
consideration my mativation for the project, Finally, circular design is a big topic with a variety of applications. | plan to
focus on learning how to design so that | create products with minirmum waste, durability and recyclability.

This graduation project is deeply rooted in my personal learning ambitions and interests, which | have been
contemplating before and during my studlies. | believe that the objectives of the graduation project fall perfectly inline
with the Integrated Product Design rmaster, because | will be designing an integrated circular product for a sustainable
future,

The following page includes the references for this docurment.
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