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ABSTRACT

Demand for sustainable materials, manufacturing and design has
been increasing over the past years. Polycaprolactone (PCL) is a
biodegradable polymer with a melting temperature around 60 °C,
that has widely been used in the biomedical industry. This study
takes an explorative and iterative approach in studying this
material and how it could be used for design. After initial
experimental iterations, the gained tacit knowledge has been
applied to a case study within the context of aerial seeding, an
agricultural method of delivering seeds by aircraft. The main
findings are that PCL’s malleability, blend compatibility (by which
we refer to the material’s ability to form material composites with
various other materials with ease), biodegradability, and
biocompatibility provide opportunities for the material to be used
in design prototyping, origami or folded structures, and
applications in nature, agriculture, or living organisms. We
discuss these advantages and provide design implications.
Finally, opportunities for further research are identified.
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INTRODUCTION

In recent years, the need for sustainable
manufacturing has become increasingly evident,
due to the environmental impact of synthetic
materials and their production [11]. To slow down
the growth of this problem, the use of biomaterials
has increased within the industries, offering a valid
alternative. Therefore, the purpose of this research
study is to identify the potential of Polycaprolactone
(PCL) as a versatile material for design
applications. The primary intention is to investigate
different types of processing techniques through an
iterative design process, which involves material
tinkering, literature review and benchmarking, and
designing material vision manifestations. The
practice and processing methods of PCL advanced
in this pictorial, aim to extend its application
beyond the biomedical field, where it is currently
widely applied.

In order to refine the vision of the material in design
applications, PCL was placed in a hypothetical
context, which exploited the findings enlightened
during the design research.

For this purpose, the context of aerial seeding
offered an optimal case study. The importance of
this study relates to the consistent increase in the
importance of sustainability and the demand for
biodegradable materials over the past years [11].
Although growing fast, the market share of
biodegradable polymers was still less than 0.1% in
2019 [17]. Therefore, this research can contribute
to the transition towards biodegradable polymers
by thoroughly exploring these materials for further
use in the fields of design, engineering, and
material sciences. This pictorial shares the design
exploration of polycaprolactone and provides
suggestions for the design implications of this
polymer.

Polycaprolactone

Over the last decade, the biopolymer
Polycaprolactone (PCL) has been mostly studied
concerning biomedical applications. Its chemical
and mechanical properties, such as
biocompatibility, biodegradation, and
hydrophobicity [5] qualify it as an efficient material
for drug delivery systems, tissue engineering and
repair, bone engineering, wound healing, scaffolds,
sutures, and implants [10]. PCL is a semicrystalline
biopolymer usually synthesized through Ring
Opening Polymerization of the cyclic monomer €-
caprolactone. It is one of the few synthesized
polymers that biodegrade in nature in a period of 2
to 4 years [3]. PCL can be degraded without
polluting the environment by hydrolysis of ester
bonds or by microorganisms. The biodegradation
depends on the amount of crystallinity, polymer
molecular mass, and other degradation

parameters, such as environment, temperature,
pH, and salinity [9]. Modifying these parameters
can result in a change of degradation time. In
natural soil, PCL's breakdown can range from a
few months to several years, influenced by factors
such as soil composition, microbial activity, and

environmental conditions [13]. Additionally, the
degradation can be reduced to a shorter time if
combined with other materials, some of which are
TPS, starch, and coffee husk [4, 14, 3].

Related Work

Several related works should be highlighted. Firstly,
the paper Polycaprolactone: synthesis, properties,
and applications by Guarino et al. [5] provided the
foundation for understanding the material
polycaprolactone, including its material properties
and current key applications. This is further
supported by the paper Degradation mechanisms
of polycaprolactone in the context of chemistry,
geometry, and environment [2] which delves
deeper into the biodegradability property of PCL by
elaborating on its specific degradation mechanisms
and timelines. Secondly, Meaning Driven Materials
Selection in Design Education [7] describes a
similar approach we have integrated to evaluate
the meaning of material samples used in this study.
This is further supported by Shape-Changing
Interfaces: A Review of the Design Space and
Open Research Questions [15] by Rasmussen et
al. who offer a framework for describing shape-
changing interfaces — a crucial practice for
discussing the different shapes and processing
methods presented in this paper. Closely related is
the paper Shape-Changing Particles: From
Materials  Design  and  Mechanisms  to
Implementation [19] which  discusses the
mechanisms of shape-change within polymer
networks. In addition, New Tree Tech: Cutting-edge
drones give reforestation a helping hand [1] should
be mentioned as it provides the context in which
our case study about aerial seeding is positioned.
Finally, the paper Biodegradation Study of a Novel
Poly-Caprolactone-Coffee Husk Composite Film [3]
was promising, highlighting that the combination of
coffee husks with polycaprolactone increases the
materials’ polymeric biodegradation rate.




METHOD

The research method within Research through Design has been an iterative
process (which was documented in a process workbook (see Figure 2 and
Appendix) that was in some ways inspired by Flipping Pages by Rutten et al.
[16]) that was similar to the Reflective, Transformative, Design Process [8]
involving material tinkering, literature review and benchmarking, and designing
material vision manifestations. The material tinkering, as part of the proposed
step of understanding the material by Karana et al. [2015] in Material Driven
Design involved using various material processing techniques, including
blowing; rolling; pressing, and folding, to gain (tacit) knowledge of material
properties and character, as proposed by Wiberg [2013] in Method for
Materiality [8, 22]. Examples illustrating this are experiments of adding
powders and fibers to the material to change the strength, flexibility, character,
and sensorial feeling, as well as trying manual molding (Figure 1), blowing,
folding, and pressing to achieve different physical forms. These ways of
gaining tacit knowledge are supported by a literature review and benchmark,
which took the form of an ever-evolving (partly visual) document. In addition to
these ways of understanding the material and design space, two other steps
that stem from Material Driven Design [8] have iteratively been taken:
envisioning design intentions and manifesting design concepts. These are
important actions for finding a context for design as well as generating design
implications for further use. Examples of such vision manifestations are
creating origami shapes that are compressible, strong, or ‘pop’ at pressure; or
incorporating nichrome wires in the material for location-based heating to
automate and control shape change. By utilizing material understanding,
exploration, and visions for design, new insights for designing with

polycaprolactone have been identified.
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Figure 2. Process Book

In order to gain deepened design knowledge of the material, a case study was
conducted in which different properties of PCL were applied to the context of
aerial seeding, as this context was one where the different properties of PCL
(such as biodegradability, strength, blend-ability, and malleability) could well
be applied. In this iterative process, criteria for these containers were
constantly updated based on tests evaluating their performance. Three
different tests have been completed at different times in the process. The first
type measured soil penetration success rate when dropping containers from a
50 centimeters and one-meter height. The second type placed radish seeds in
PCL containers and evaluated their growth. Here, seeds were pressed within
molten PCL, or placed in capsules with open top, open bottom, or open top
and bottom to compare differences in growth. Finally, thin and folded pieces of
PCL were placed in natural soil to evaluate their degradation. Here, different
PCL samples have been tested, but also a composite sample containing 30%
used coffee grounds. After these tests and iterations, the gained knowledge
about PCL as a material for design has been evaluated and described, noting
design knowledge, and suggesting design implication

Highlighting the limitations of the study, it should be noted that the study was
conducted within a relatively short timeframe, with a low budget, and without
access to scientific measuring equipment. As a result, doing accurate and
reliable tests as well as evaluating change over longer periods of time was not
possible. In addition, because material evaluations were done based on
experienced qualities, a certain degree of research bias should be accounted

for.
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RESULTS

The findings from the iterative design process
revealed several significant insights about the
characteristics of PCL and its potential design
applications.

Figure 6. PCL and different amounts of paper pulp blends
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Primary Findings
Blend Compatibility

After incorporating various materials into PCL, we
discovered that PCL exhibits a high degree of
blend compatibility, readily accepting and
integrating with other substances. Adding natural
powders, liquids, and pastes (e.g. curry, bamboo
fiber, smashes berries) mainly changed the PCL’s
aesthetic and sensorial qualities: the PCL samples
gained a new color, smell, or texture (Figure 3). We
also experimented with combining PCL with textiles
to explore its potential (Figure 4).

Figure 4. PCL blends with textile

Figure 5. Close-up of PCL and paper pulp blend

While we were able to partially incorporate the
textile into the PCL, we encountered difficulties in
achieving a proper blend. This resulted in large
chunks of textiles becoming embedded in the PCL
rather than integrating smoothly. By blending PCL
with various amounts of paper pulp (Figure 5, 6),
its texture got rougher the more paper pulp was
added. Furthermore, the composite could be easily
torn like paper, unlike pure PCL.




Shape-change

Through various material processing techniques,
such as pressing, rolling, folding, and blowing the
material, we observed that PCL showed great
malleability and flexibility. The low melting point
allows for it to be easily molded and reshaped into
various forms. This was particularly evident when
folding PCL into origami structures (Figure 9). The
material retained its form, even after compression
(Figure 8), and showed no signs of wear after up
to 100 folds, as evidenced by our repetitive folding
tests.

Through more experimenting, we found that PCL
sheets with a thickness below 0.7mm can fold well
with a limited decrease in strength. The thicker the
sheets, the more rigid the origami structure will be,
making it able to ‘pop’ out of place and remain its

new shape until ‘popped’ back, resembling a
bistable system: the sample has two stable
equilibrium states (Figure 10).

In order to try and control the one-way shape
change of PCL, we conducted an additional
experiment by incorporating nichrome wires into
the folds of a PCL origami shape for location-
based heating (Figure 7). Although our concept of
creating a mechanism for automated shape-
change was successful, the heating proved
difficult to control. This resulted in inconsistent and
imprecise shape changes that were only one-
directional. Furthermore, incorporating a nichrome
wire into the PCL would compromise its inherent
biodegradability, negating one of its most
significant properties.

Figure 7. Activated nichrome wire integrated into PCL shape
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Figure 8. Compressing
and releasing PCL
origami structure

Figure 10. Bistable PCL
origami structure
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Stretchability

PCL's ability to be stretched into thin, yet strong
forms presents another noteworthy quality. The
material maintained its structural integrity even
when reduced to very thin sheets.

When rolling the PCL extremely flat right after
heating, it could be reduced to translucent or even
transparent foil-like sheets (Figure 11). Stretching
the PCL at room temperature right after heating
would showcase transparent areas in the material
(Figure 11). When a thin sample got stretched after
cooling down, it would result in wire-like formations
(Figure 12).

When blowing the PCL, it was also able to stretch
thin and form organic shapes. However, blowing
was an inconsistent method and resulted in
different sizes and thicknesses (Figure 13).

Figure 11. Stretched PCL into thin foil

Figure 13. Blown PCL




Secondary Findings: Case Study Soil Penetration

In the context of aerial seeding, we explored various shapes for PCL Two drop tests were conducted to determine the soil penetration success rate
containers through iterative testing and evaluated their performance. The of the PCL containers. All the capsules perceived to have potential (Figure 14,
containers were created with the following main criteria in mind: 15) were dropped a total amount of ten times. The drop height was 50cm for
drop test 1 (Table 1), and 100cm for drop test two (Table 2). The results can be
found in the tables below.

+ It needs to be able to hold seeds and nutrients
+ It needs to be able to penetrate the sall
+ It needs to be able to support the growth and germination of the seeds.

Figure 14. First drop test capsules Figure 15. Second drop test capsules

Capsule shape 1 2 3 4 5 6 7 Capsule shape ‘ 1 2 3 4 )

Successrate (%) | 0% 10% 0% 15% 15% 10% 45% Successrate (%) 37.5% 52.5% 60% 27.5% 35%

Table 1. Soil penetration success rates of drop test 1 Table 2. Soil penetration success rates of drop test 2

8



Seed Growth Evaluation

Four different experiments were conducted to
evaluate the seed growth and germination when
they are placed in different PCL capsules: seeds
melted into PCL, capsule with an open top, capsule
with an open bottom, and a capsule with both an
open top and bottom (Figure 16). Radish seeds
were used for their rapid growth; a total of
approximately 20 radish seeds were used, 5 seeds
per experiment. The results can be seen in Figure
17 and Table 3.

Figure 16b. Radish seeds in various PCL capsules in soil

Figure 17. Radish seeds in various PCL capsules after one week. 1) Seeds melted into PCL. 2) Seeds in
capsule with open top. 3) Seeds in capsule with open bottom. 4) Seeds in capsule with open top and bottom

Seeds Seedsin Seedsin g:eguslj: ith
melted capsulewith | capsule with opgn to;and
into PCL | open top open bottom bottom

Did all the

seeds grow? No Yes Yes Yes

How big was

the plant after 8.3cm 3.2¢cm 2cm 8.5cm

1 week?(cm)

Table 3. Seed growth evaluation




Overview

! ; 5 _ B PCL properties R,
An overview of all the results can be B el ‘ g o e T ' ,/’;., - 1
seen in the physical graph we created | ’ : , ; £+m 5 Uygs :f,.u
in Figure 18, showcasing all the ; : ' .
capsules on a x-axis of ‘soil
penetration success rate’ and y-axis of

‘support seed growth’.

Figure 18. Physical graph tank
Figure 19. Demo Day set-up

Biodegradability

To assess the biodegradability of PCL, we created
thin sheets and placed them in natural soil to
monitor their degradation (Figure 21). Two
samples were tested: a pure PCL sample, and a
30% coffee ground and 70% PCL composite
(Figure 20).

However, due to the slow degradation rate of PCL
and the limited timeframe of our study, we were
unable to obtain conclusive results, since the
samples showed no signs of degradation yet.

Figure 20. Coffee ground capsules
Figure 21. PCL sheet into soil for degradation test
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- DISCUSSION

PCL can provide various benefits as a material for
design. Its ease of use and malleability make the
material accessible and convenient, qualities that are
important in rapidly iterating design processes. The
ability to easily create material composites widens the
range of applications as the material can be given a
natural texture, color, or shape while remaining
reusable and malleable. As shown in the case study,
where the PCL-Coffee grounds composite was applied
as a controlled-release fertilizer [3, 23], the advantages
of PCL composites extend further than just sensorial
improvements. Another benefit is found in how well the
material folds while retaining its strength, which is due
to its high flexibility, bendability, and plasticity [3].This
proves also useful for both aesthetic and practical use
cases, as folded or origami structures are recurring
themes in both design and engineering. Naturally, PCL
being both biodegradable and biocompatible
significantly increases its number of possible use cases
as the material can be used in nature as well as within
the human body. Finally, the ability of the material to
stretch both while molten and solid as well as its ability
to act like a spring in shapes where that was not
necessarily to be expected, may serve additional
benefits, as these qualities have not been thoroughly
investigated in this study.

A limitation of the material can be found in applications
that require very short-term biodegradation, as the
material can remain intact for several months before
showing significant signs of degradation. Another
limitation is the synthetic sourcing of PCL, which
reduces the future potential of the material [11,
17]. Another property that should be considered is PCL
being hydrophobic, which is an advantage in many
cases but can make the material unsuitable for (design)
applications that require a more permeable or porous
structure. Finally, based on the findings in this study it
cannot be concluded that localized heating of PCL




will be advantageous for design.

Placing the findings within the context of existing
research, this study both highlights additional
applications and presents successful processing
methods for PCL. Currently, PCL is mainly used in
biomedical applications, but it seems this could be
extended to other fields as well as PCL lends itself
as a suitable biodegradable (although not
renewable) material for agriculture, nature, and
prototyping applications. In these contexts, PCL
can form a suitable biodegradable alternative in
cases where no long-term wear should be resisted
(as PCL will degrade).

A number of different suggestions for further
research have been identified. Firstly, the case
study could be continued by further exploration of
shapes, particularly shapes that make use of the
flexibility and compressibility of folded PCL sheets,
as well as shapes that utilize the spring capabilities

of the material. In addition, there could be a
possibility to use biodegradation to achieve shape
change after seed deployment, such as shapes
that have outer walls with varying thicknesses to
achieve quicker degradation in certain locations for
improved root growth. A second suggestion for
further research is the actual testing of design
proposals in an aerial seeding context to learn
more about PCL as a material and its behavior in
nature. Finally, we advise further exploration of two
material qualities: the blending of PCL with natural
materials is bound to be supportive in other
applications similar to blends and copolymers
presented in Degradation mechanisms  of
polycaprolactone in the context of chemistry,
geometry and environment [2], and the ease of
folding of such a strong but biodegradable material,
as well as its applications, suggest additional
opportunities within the design field.

Focusing on this study, different limitations can be

identified. Firstly, the study was conducted part-
time over the duration of less than 6 months. If the
time spent on material tinkering, benchmarking,
and the case study could be extended, the study
would benefit from more in-depth as well as
broader material understanding. In addition,
because of a lack of scientific equipment and
budget, it was not possible to accurately test
material properties (for example of different
material blends), to test different shapes
highlighted in the case study in real-life settings, or
to experiment with toxic chemicals, such as
solvents for PCL [18].

Taking all the things mentioned into consideration,
we are able to highlight a few design implications
for which PCL suits itself well. Firstly, as shown in
the case study, PCL can be a strong and resistant
material for short-term applications in nature or
agricultural settings. Secondly, the material’s

strength and flexibility while being thin make it a
suitable material for biodegradable origami or other
folding applications for example in the packaging

industry. In addition, the accessibility and
malleability of the material make it suitable for
prototyping plastic objects with more organic
results compared to 3D-printed plastics, which is
partly due to how well PCL blends with other
materials [2]. Finally, as has been previously
known, PCL is able to be placed safely inside or on
living organisms, which may, in addition to the
current biomedical applications, be useful for
design projects focused on wearables or health.




CONCLUSION

This study explored the properties and potential
applications that polycaprolactone brings to design.
The primary findings indicate that PCL exhibits high
blend compatibility, which serves aesthetical and
sensorial qualities that are useful in product design
and may provide additional practical benefits such
as controlling fertilizer release; high malleability,
which can also be utilized for both aesthetic and
practical applications, as folded or origami
structures are recurring themes in both design and
engineering; as well as biodegradability and
biocompatibility, making PCL a suitable material to
be used in, on, and around nature, agriculture, and
living organisms.

Additional research could further explore the
material’s flexibility and spring behavior, or could
build upon the presented case study by exploring
how degradation can be utilized to further support
plant growth, and both measuring and testing
suggested container shapes to learn more about
the behavior of the material. Additionally, deepened
investigation of natural material blends and the
folding of PCL as a biodegradable material may
forward impactful results.

Finally, reflecting on this study’s goal, it can be
concluded that the intentions of exploring PCL as a
design material and providing different design
implications for further use and investigation have
been fulfilled.
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Experiment 4: Floral shaped PCL.
This shape was made to mimic the natural shape of a flower. The idea also with this ong
was that the sxde preces would go down once the Nichrome thread was heated.

compatability with
other polymers
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Yon-toxic (img flected by ) can perhaps create a foldable
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PCL, The material

B|odegradable petroleum-based

Semicrystalline — highly ordered molecular structures with
sharp melt points

Hydrophobic

Biodegradability

“The capacity for biclogical degradation of organic materials by living
organisms down fo the base substances, such as water, carbon dioxide,
mathane, basic elements and biomass.”

Low transition temperature (around 60 degrees)
Chemical structure of PCL:
Biocompatible

% \/\/\/(\q\
0

n
HOW IS PCL MADE

PCL is formed through a process called ring-opening
polymerization

W
.

PCL degrades more slowly in soil

The degradaticn time of PCL varies based on factors such as molecular
weight, envirenmental conditions, and the presence of enzymes or
miCroorganisms

In natural environments: PCL can take several years to bicdegrade
completely

In controlled environments, like compesting facilities, where the
temperaturs, humidity, microbial activity are optimized: PCL can degrade
more rapidly; within a few months to a year

Comparad to some other blodegradable polymers like palylactic acld (PLA)
or polyhydroxyalkancates (PHA) - PCL generally degrades more slowly
Proper disposal methods sheuld be considerad for PCL products to
minimize environmental impact and ensure effective biodegradation
hitps:/fwww.nature.com/farticles/s41428-020-00396-5.pdf?
error=cockies_noi_supportedécode=bbcia42-
cadl-427b-9e2b-0c851dalf3ds
https:/fwww.sclencediract.com/taples/chemistiy
biodegradability#:~text=Biodegradability % 20is% 20the % 20capacity® 20far,m
ethane® 2C % 20basic ¥ 20elements¥ 20and %2 0biomass.

-

Process:
1. An initiator [tin(ll} 2-ethylhexanoate and stannous octoate]
starts the reaction by reacting with the cyclic monomer
2. Once the initiator has reacted with the cyclic monomer, it
forms an active species that reacts with additional monomer
molecules. This reaction continues, with each monomer

adding to the growing polymer chain

3. Eventually the reaction stops, either when all the monomer
has been consumed, or when a terminating agent is
intreduced. In the case of PCL, the terminating agent could
be a chemical that reacts with the active species, halting
further polymerization

4, The end result of this process is a long chain polymer made
up of repeating units of e-caprolactone, forming PCL

Strengths

= High strangth

= High blacompatibliity

= Good eleciraspinning propesties

= Synihetic material abilty to achisve high material puty

= High drug permeability

Undergoes microbiel and enzyisatic degradation wder

ealernEl conditons

= Dograded very sowly in witrg in the absences of eneymes
and in vivo as wall

= Can gasily blend with othar palymars

Soduble In 3 wide verlety of chiorinates

Tlucrinated organic solverts, &s wall as partially solukle

Th acatnne and dimethy i de

Lowd degrisdahility m agueous environmants

= Uagrade over a pariod of 24 years dapending on its
mdecular walght and degree of crystallinity

Weaknesses

= Less wersatility oue to @ lack of chirality in the PCL ehain
= Mon-funationallzed patyrar, except a1 the chaln ands
= Tawic solvents
= Poor adhesion to cels dus toe hydrophobe surface
Holes PRCOESIEY
il et ey -l vantege - aid-
beli-polyrnsr-
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PCL in the medical field

PCL braces

I0-Printed Poly [ e Mechanical E‘ ization
and Suitability Assessmant for Producing Wrist-Hand
Orthoses. :ffebol.ong/10.3: 15030576
- PCL can be used as a carrier fior
» - - Inmdmg dafivary
u- - www sciencedirecl.com/
S0168365919305632

-'M’ PCL based .m

wound ;?f’f;;
dressings DY e
MA / % /—‘-‘

-n.u

PCL is a widely recognized
biodegradable and biscompatible
petroleum-based polymer with
numerous applcations in

9. e
surturas, drug defivery, films, carry
bags, pouches, trays, reusabla
dishes, mambranes, and other
fields. It can be degraded without
paliuting the enviranment by
hydralysis of ester bonds af by
microarganisms [6]. It is also easily
blonded with other polymars and s
soluble not in water but in a number
of differant organic sclvents [7].
hitps:{fwwwresearchgata net/
fi i ical- ications-of-
pelycaprolactone figd 348502304

Absorbable surgical sutures

{stiches}

tpasit

www hulgainstrument.cam/

surgical-sulures-needies/
-8

sutures-absorbable himl

3D-printed
magnesium-PCL stops
bone cancer

hatps:/f
nancbiotechnology.bio
meadcentral.com/
articles{10.118!
£12951-021-01012-1
{esteosarcoma is the
most common type of
cancer that starts in
bones)

(1]
G._‘_ I:} R

[rrac)

hitps:f/pubs.acs 0.1021/acsabm.2c00174
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Other PCL Products

PEL Preetd Mg P (el Ll L5 A A o T A A B VR LI
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3D printing
e

FDM: Fusad Deposition Modsling

515 Selactive Laser Sintaring

.stl (Stereolithography)
format

Computer Aided Design
{CAD) model

export import | Repetier-Host soﬁwarel

==

slicing & setting
parameters

IG code 'FFIeI e e .stl 1SI=cer] Format

Physical
Model

IFI}M machine {BioBots}l

down!oad data

SLA: Steraalitography

= Most commen method far 30 printing = PCL as a pawderad matesial = PCL as resin matarial
= PCL a5 filament material = Layer-by-layer sintering = Layer-by-layer phatooalymerization
» Heated Mozzle = Building up layers = Building up kyers
+ Layer-by-layer depositian + Cosling and seidification + Suppeets structures if neaded L " LR
* Support sucusea f e - Supports st newca + Postiuing Mixina with additives
+ Past procassing (examgde: remaval of supparis hitpsidfwwworesearchgateonetfigurel SLS-processad-PCL-  hitps:/iwww.researchgate retifigure/Photograph-of-a-
SINUCUNgs) tast-part-fabricatad - at o trrral -gatermingd -procass- PLL- DEEEU WE"W I'G ArEt -ty

Eoma adoituss far mising it with POL and wiys

Blow molding

Blew moiding is a process far farming haliow plastic parts.
There are thres bypes of biow mokiing: sxirneson ke melding, njeclion
blow olding ard injection straich maldng

Process;
1. Zaftenirg plastic oy eatng a preicrm oF parksan
a. parisan = beike piece af plastic with 2 whok in coe end thoegh
which comgressed alr can arier
2. Plastic workpioes s clamped inte 3 mosd and aris basn imo n, tha air
pregsure infl 218 the plastie wiich confiarms to tha mals
3. Onze coled ane harcanad tha mold opans and the part |5 ajacted

iffress of

= Puolylactic szid IPLAY s more rigid: increas
PCL (htps i Frontiersin orgledticias 0. 35680
Frmats, 20800806 Full)
= Palyethylene nlyeal IPEG] is hydraphilic: erfances waler
- i abzorption and biscompat ity of 301
= Glyceral, ghyeein: improwe flexibifty of PCL
Electros pinning o e e
Flewibility, @asy prosessng, recyslabibty and coo
friendines=. Lenger fiers mean more tensile strength
Pracass: and curablity
1. Freparatian af PCL solutian
Dissodve PCL palymer in suitable soleent ta farm a viseous solutian
I, Betup of elacrospinning appacabus
a. Mount & syringe containmg POL solution amo a synge pump (pumg cantmols the flow rate of the salution)
B Cennael high-vollage power supply to1he syings needls + creates an eeetric el between the nesde and
& qrourded collactor
. Presition tha callgctar 3 suftabde distanca away from the syTinge el
3 Electrospinring srocess
4. Turn o the $yrinGe pump to start the flaw of the poymear sciutian
. Apply a high wokage batwean the syringe nesdls and the colector
. A% the solution i5 pumped through the needle, the elecirestatc repulsion overcomas the surface- tension,
farming a charged jrt of polymer solution
d. Tha charged jot stretehes and elongates 85 10 Travels wowards the groundad colactor due 1o the lectric fied,
farming ultrafine Fhers
. The sobenl avsporates during the Night, leaving behind sokd PCL fikers on the colacier
4. Coliection of electrospun fibers
a. Finers ars callected on the grounded coliector in the degired arrangement (Fandom, afgred, patternaed]
b. Onge= the d:en'rt-d thickness ar amount of f'r{.'ers is ohtained, the electrospinning process is stopped
it ps e
hitps/fwvee. semanticscholar.an I
Song 991 02co2 FEREEI 1074 4645 BaeBa f She B Al 56/ g Liny'2

&

THA namdys ks -
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General shape change materials

- Examples:

[ Materials + Shagie-changing phenomena in pinecores [Https:if

~ 3 fechxpione.com/news/ 201507 -shope-shifting-material-
Lazed-phecoieslitng -+ & sha peshiftig buiking

— -

J_ R murtarial irespired by pinacones)
. + Seedpods
| Stimuli-responsive material (SRM] | + lea-plant seed capsules
- —~, + Plant tendris
{(Change in?} + Liwis
— . + Flowers
i Physical properties Chemical properties
SRELAEEE L S —_— ]
el
!Hh:lpc
= e
“hape Change
Material [SCM)
e =
- - L L B -,
i Shapc\\‘ Shape ™,/ Shape™, /“Shape ™ /7 Shape™,
[ Memory | | Memory A S Memory Ao Memory -'| [ Memory A
\ Alloy I\ Polymer |||\ Hybrd 'I Ceramic | [ el .l
N (SMA) S N (SMPY S N [SMHY SN [SME) S N [SMG) S
g e )\ e
— . - T = —_
e SO | J et
—— e

| Shape |nem_nr_|.'
| Loampaosites [SMc)

Starting point

Currently designers determine the shape users have to deal with —» Often solid materials, which have a predetermined nature
« Product design has a difficult time meeting the ever-changing standards of what users expect from their products

How can we make our design fit a changing context? In future:
ADVANTAGE

= Designing products that adapt to the user

= Designers will change to accommeodate a specific purpose and context such as time, place, or group of people u y "
= Let the user, computer, or environment determine the physical form and functionzality of their physical worlds Can Im paCt numerous appllcatlﬁ'n areas
because of their ability to be

Challenge in shape changing design . . . )
incorporated into virtually any material

"balancing the contradictory needs of conformability and rigidity™

= Conformability: enables transformation into new shapes . . .
« Too canformal = can't stably maintain the shape System in which responsiveness to the
« Rigidity: helps locking the material inte place = - £

environment is desirable.

Too rigid = it can't take on new shapes
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Methods of self-folding

Shape Memory Polymers (SMP):
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Creating porous FCL membrane for bilyvar
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The Phase Transformation Process for SMAs
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Thermo-responsive polymers:
= Grignal shaps — berpersiune charngs — shaps chargs

-
ngu -mfp - @

0.1 gram of PCL After dispensing ARer shaking Alrer Elowing

pH-responsive polymers
= Griginal shape — change In pH < shape change:
Solvent-responsive polymers

= Original shage — scivent mixture — shape chaoge Durirg heatmg

A layer of malt

gafore heating

A lyer of particles
STIMULI

- Tamparaters

= Water [ydrophile va Fydrophabic)

+ i

- Sovmmie

= Forces

4D PRINTING

A0 printing involves creating cojects using
amart materials that can change shape of
propertiss avar Line in responae 1 axtenal
sbimudi like Preat o light. The main adven’age
fs size reduction, since chijecis can be
Tolded” oo “comprassed” duning printing to
nEchine constrants. Also, 40
printing =nakles precise designg end cantial
over material distribution.

Tt il

filtps . ffarvenii es ear chigate. el
publication 3IIZ052108_A_taxanoty of_sha

Existing applications of self-
folding with PCL

Some examples of appiications:

= Drug delivery systems: controlled encapsulation and release of drugs,
particles and cells

= Smart plasters: for medical applications, improve drug transport

= Tissue englnecring scaffolds

« Micro- and nanc-actuators for applications in robotics or microsurgary,
actuators can respond to external stimull such as temperature, pH, or light
o perform specific movements or tasks

= Soft robotics: create robets with adapiive, shape-changing capabilities

= Responsive textiles: Self-falding palymers can be incorporated into textiles
o create fabrics that respend dynamically ta changes in environmental
conditions

| Implant formantan
and dig loading

31



