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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.

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.

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 Ɛ-
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].
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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.

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.


METHOD

Figure 1. Molding heated PCL

Figure 2. Process Book
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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.

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).

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.

Figure 3. PCL blends with natural powders, liquids, and pastes

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

Figure 6. PCL and different amounts of paper pulp blends

Figure 4. PCL blends with textile
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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.
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Figure 7. Activated nichrome wire integrated into PCL shape

Figure 10. Bistable PCL 
origami structure

Figure 8. Compressing 
and releasing 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).
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Figure 12. Stretched PCL into wires

Figure 13. Blown PCL

Figure 11. Stretched PCL into thin foil



Secondary Findings: Case Study


In the context of aerial seeding, we explored various shapes for PCL 
containers through iterative testing and evaluated their performance. The 
containers were created with the following main criteria in mind�

� It needs to be able to hold seeds and nutrient�
� It needs to be able to penetrate the soi�
� It needs to be able to support the growth and germination of the seeds.

Soil Penetration


Two drop tests were conducted to determine the soil penetration success rate 
of the PCL containers. All the capsules perceived to have potential (Figure 14, 
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. 

Figure 14. First drop test capsules

Table 1. Soil penetration success rates of drop test 1

Figure 15. Second drop test capsules

Table 2. Soil penetration success rates of drop test 2
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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 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

Table 3. Seed growth evaluation

Figure 16a. Radish seeds in various PCL capsules

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

9



Overview


An overview of all the results can be 
seen in the physical graph we created 
in Figure 18, showcasing all the 
capsules on a x-axis  of ‘soil 
penetration success rate’ and y-axis of 
‘support seed growth’.

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 18. Physical graph tank

Figure 19. Demo Day set-up

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
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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 

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

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.
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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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