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In contrast to most plastics, ambiently biodegradable (AB) plastics fully break down under natural conditions, avoiding microplastic

pollution. This study takes a research-through-design approach to explore how we might use AB plastics in durable products that wear

down, and how this affects their design. Through speculative design explorations of diverse cases, we developed a preliminary design

framework that introduces a novel approach to integrating AB plastics into sustainable product design. Our study addresses the tension
between the durability of products and the temporality of biodegradable plastics, which must break down under ambient conditions to
prevent microplastic pollution. We explored the current limitations of AB plastics, including their mechanical properties and the challenges

they pose when used in real-world conditions. While the analysis is explorative and not exhaustive, our findings indicate that AB plastics

have the potential to serve as a viable solution for reducing microplastic pollution in applications where microplastic release is unavoidable.

We also stress the importance of designing with circular design principles to ensure high-value recovery pathways are prioritized over

biodegradation whenever possible. The study concludes by emphasizing the need for continued collaboration among product designers,

material scientists, and biodegradation experts to further optimize the properties and applications of AB plastics, suggesting that practical

testing and case studies will be key to advancing their use in sustainable product design.

Keywords — Product Design, Wear, Biodegradable Plastic, Microplastic, Pollution, Sustainability.

Relevance to Design Practice — This paper’s exploration of ambiently biodegradable plastics in durable products challenges traditional

design approaches and shows opportunities for innovation in sustainable design regarding microplastic pollution. By addressing the

tension between durability and temporality, it encourages designers to rethink product lifecycles and design sustainable products that

contribute to reducing microplastic pollution.
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Introduction

In recent years, microplastics (plastic particles smaller than 5 mm)
have emerged as a significant environmental concern. Most plastics
in use nowadays do not biodegrade naturally, and when they end
up in the environment they slowly break down into small pieces.
These pieces, often containing harmful chemical additives, end up
in ecosystems and potentially affect soil properties (Rillig, 2012;
van Kleunen et al., 2020), organisms (Andrady, 2011; Huerta
Lwanga et al., 2017; Oehlmann et al., 2009; Wright et al., 2013),
and human health (Prata et al., 2020; Wright & Kelly, 2017). The
sources of microplastics are diverse, including intentional losses,
such as microbeads in personal care products, and unintentional
losses. These unintentional releases may occur during the use phase
or maintenance of products, like wear and tear of synthetic textile
and car tires (Calero et al., 2021), or after end-of-life due to spills
during recycling (Boucher & Friot, 20017) or slow degradation in
the environment or in landfills (Rhodes, 2018).

Traditional solutions to this growing problem have focused
on minimizing microplastic release (e.g., banning microbeads and
reducing litter) and filtering microplastics from wastewater (e.g.,
filters on washing machines) (Prata, 2018; Rochman et al., 2019).
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While these efforts offer effective solutions for some sources
of microplastics, they do not address microplastic release from
wear and tear of durable plastic products. As wear during use is
inevitable (e.g., tires, shoe soles), this paper sets out to explore
how biodegradable plastics might be used to address this problem.

Biodegradability is defined as the process of breakdown
of a material by naturally occurring microorganisms such as
bacteria, fungi, and algae (Gross & Kalra, 2002). Since plastics
consist of very long polymer chains, microorganisms first excrete
enzymes that can break down the chemical bonds in the polymers,
reducing them to smaller intermediates (Mueller, 2006). These
intermediates are then absorbed and digested by microorganisms
into molecules such as water (H,0), carbon dioxide (CO,), and
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methane (CH,) (Kim et al.,, 2023). Currently, there are only
a few types of polymers that are biodegradable in the natural
environment under ambient conditions (temperatures ranging
from 20-32°C). Most biodegradable plastics require higher
temperatures in an industrial process to successfully and rapidly
break down into molecules. In this study we are only interested
in the ambiently biodegradable plastics, because we want to
ensure that any microplastics that are released due to the wear of
a product will degrade in the natural environment.

Ambiently biodegradable (AB) plastics were developed
to break down in the natural environment in a relatively short
time frame. There is no clear definition of AB plastics described
in the literature, however, certification schemes from TUV
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Austria for marine, fresh water, and soil environments adhere
to timelines of 90% biodegradation in 6 months, 56 days, and 2
years, respectively (nova-Institute GmbH et al., 2021). At present,
they are used in applications where these temporal properties
are useful, for example in agricultural mulch films, where they
break down on land, or in drug capsules, where they break down
in the human body (Calero et al., 2021). However, for many
products designed to last, so-called durables, biodegradability is
not a desirable property as a product should not perish before its
intended life is over. If we want to use AB plastics to address the
problem of microplastic release during wear of durables, we must
address this tension between durability and temporality.

The aim of this study is to explore the application of AB
plastics in durable products that wear down during use, to reduce
microplastic pollution in the environment, with the intention of
developing a preliminary design framework that introduces a
novel perspective on the use of AB plastics in design. Through
speculative design explorations, we will address the tension
between durability and temporality. The approaches can be
expected to result in complicated trade-offs that need to be
considered during design. The product’s character, properties,
experiential value, lifespan, and end-of-life will be affected. The
intention of the design explorations presented in this study is to
understand the likely changes and trade-offs that will occur and
to develop a preliminary design framework which introduces a
novel perspective on the use of AB plastics in design.

The line of thinking of using biodegradable materials for
human purposes that can safely return to the environment is not new
and exists in, for example, cradle-to-cradle design (Braungart et al.,
2007). However, although extensive research has been conducted on
sustainable materials, to the best of our knowledge no studies have
specifically focussed on design implications of using biodegradable
materials in the design of durable products to prevent microplastic
pollution. While the Material Driven Design method of Karana et al.
(2015) also places material properties and possibilities at the centre
of the design process, it typically starts with a known material,
whereas this study takes a more speculative approach.

Biodegradation is a recovery pathway in the circular
economy, and the approach taken in this study therefore
complements existing circular design strategies such as design
for recycling. However, currently available AB plastics are
not optimised for the technical and functional requirements of
mitigating microplastic pollution of durable products that wear
down. As such, this study adopts what DiSalvo (2009) describes
as the tactic of projection: using speculative prototypes to envision
and provoke debate around alternative design futures. These
prototypes are not final solutions, but rather conversation pieces
that surface trade-offs, challenges, and opportunities of using AB
plastics in durable products that wear down.

This research followed two main approaches: speculative
design explorations using AB plastics in products that wear down
and an analysis of currently available AB plastics. The explorative
material analysis was used to reflect on the assumptions on AB
plastics made during the design explorations. The approaches
for the design explorations and material analysis are described
in the Method section. This is followed by the results of our

International Journal of Design Vol.20 No. 1 2026


http://www.ijdesign.org

design explorations, after which reflections on the experiential
aspects of using AB plastics and the material aspects of currently
available AB plastics are discussed. The insights gained in the
design explorations and reflections are the further elaborated in
the Discussion section.

Method

Approach: Design Explorations

This study follows a Research through Design (RtD) approach,
where the development of a speculative prototype plays a central
role in the knowledge-generation process (Stappers & Giaccardi,
2017). As Stappers and Giaccardi put it: “For instance, it shows a
hitherto non-existent combination of factors as a provocation for
discussion, or it creates the possibility for people and products
to engage in interactions that were not possible before, and these
can come into existence—indeed, become observable—through
the design.” In this study, the design explorations and resulting
prototypes served as provocations for discussion, helping to
surface opportunities and constraints that were experienced
through the design process. The protypes were created based on
assumptions about material behaviour, product performance and
degradation scenarios. These were not fully functional products
with existing AB plastics, but rather conceptual explorations
intended to reveal and discuss the underlying tensions which
served as input for a preliminary design framework. As substitute
for the AB plastics, we used 3D printed TPU, orange coloured
spray paint, and orange coloured rubber coating (Plasti Dip).

In line with a practice-based design research approach,
we allowed insights to emerge through the process of making and
reflecting (Gaver et al., 2022). After the development of multiple
prototypes per case, they were compared and synthesised thematically
to identify recurring design strategies with accompanying challenges
and implications, which informed the preliminary design framework.
Additionally, shoe prototypes were exhibited at the Dutch Design
Week (Bos, 2023), where initial impressions of visitors were
captured through informal feedback. Consumer interaction research,
such as structured user studies or behavioral analysis, was not within
the scope of this study. This research focused on exploring material
possibilities, trade-offs, and design implications from a speculative
and practice-based perspective.

Boundary Conditions and Assumptions

The design explorations were guided by several boundary
conditions and assumptions. The first boundary condition was
the circular economy—any product that is developed nowadays
should, as a conditio sine qua non, fit in a circular economy. One
of the core principles of the circular economy is that the value of
products and the materials they are made of must be preserved
by keeping them in the economic system, either by lengthening
their life or looping them back in the system to be reused (den
Hollander et al., 2017). Plastics made of renewable, bio-based
feedstock do not contribute to global warming after degradation, as
this is a carbon-neutral process (the carbon initially absorbed by the
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biomass is released back into nature on a relatively short timescale).
Bio-based biodegradable plastics are designed to degrade through
the action of micro-organisms, in the case of AB plastics even under
ambient conditions. This suggests that ambiently biodegradable
parts that are exposed to outdoor conditions may be less durable
than their non-degradable equivalent. Therefore, the starting point
for the design explorations was to limit the use of AB plastics to
the minimum, to allow as much of the durable (part of the) product
as possible to cycle in high-value recovery loops, such as direct
reuse, repair, and refurbishment.

A second boundary condition was the need for the AB
plastics to be safe and non-toxic. When AB plastics biodegrade
in the natural environment, they should in no way leave behind
hazardous or toxic residues. Most plastics, including biodegradable
plastics, contain a range of additives to enhance their properties.
For the design explorations, we took as starting point that we
would use only AB plastics without additives, as we had no data
on the biodegradability and toxicity of additives. It followed,
however, that without any additives, AB plastics would have poorer
performance properties than conventional, non-biodegradable
plastics. We therefore worked from the assumption that AB plastics
have inferior mechanical properties (e.g., tensile strength, stiffness,
fracture toughness) compared to commercially available polymers
used in durables. We also assumed that the AB plastics would
start to degrade as soon as they were exposed to the right ambient
conditions. This is a logical scenario when the context of use also
provides the right ambient conditions.

The final assumption is that AB plastics indeed mitigate
microplastic pollution by biodegrading in the environment. We are
aware that this claim should be made cautiously as biodegradation
depends on specific environmental conditions like temperature
and the presence of microorganisms. This study is therefore
speculative, and more material research is needed before AB
plastics can be used in these applications. Our scope is therefore
mainly on the design implications.

Choice of Cases

Three products in different use contexts were chosen for the design
explorations: toothbrushes that wear in contact with teeth, shoe
soles that wear on land, and marine rope that wears in water. These
cases were selected to represent a diverse range of scenarios in
which the release of microplastics is currently unavoidable. Each
product has a different type of use and exposure to environmental
factors, providing valuable insights into how AB plastics could
be used in these applications. By selecting these three diverse
cases, the study aims to uncover broader design principles that
can be generalized to other applications involving wear-related
microplastic emissions across diverse settings.

Toothbrushes represent close-contact use within the
human body, posing challenges in terms of safety and hygiene.
Toothbrushes are used daily which causes the bristles, usually
made of polyamide (PA), to wear. The most visible wear is the
bristles fraying and bending permanently. Fang et al. (2023)
showed that the bristles release microplastics during brushing,
which can enter the digestive system or end up in sewage.
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Shoe soles are subjected to variable environmental conditions
such as moisture and contact materials like soil. Shoes are often
(partially) made from synthetic materials, including plastics like
thermoplastic polyurethane (TPU) for the soles, which wear during
use. A German study by Fraunhofer UMSICHT estimated that shoe
sole wear is the seventh biggest polluter of microplastics with 109 g
per capita per year (Bertling et al., 2018). A report from the Danish
Environment Protection Agency estimated the total release from
shoe soles to be roughly between 100 and 1000 t/year in Denmark
alone, where it will end up in soil, sewage systems, and agricultural
soil from application of sewage sludge (Lassen et al., 2015).

Marine ropes are exposed to prolonged immersion
in saltwater, making them an interesting case for evaluating
degradation in aquatic environments. Marine ropes and nets
were formerly made from natural resources such as cotton, flax
or hemp fibres, but today they are usually made from different
types of plastics. Marine rope is known to be a major source of
macro litter in the marine environment. However, the study of
Napper et al. (2022) additionally showed that large amounts of
microplastics are formed during their use. The study showed that
microplastics found in organisms like fish can be traced back to
marine equipment such as ropes and nets (Napper et al., 2022).
Synthetic rope wear can occur internally (contact between yarns
of the same rope) and externally (contact between the rope and
another surface) (Mandell, 1987). Both types of abrasion occur
during the use of marine ropes, mainly during hauling.

Analysis of Currently Available AB Plastics

To reflect on the assumptions made during the design explorations, a
scoping literature review as well as desk research into the state of the
art of AB plastics was done. Properties of polymers from scientific
publications on soil-, marine-, or freshwater biodegradation tests in
2023 and 2024 were included in order to provide insight into the
most recent developments in the field. Furthermore, commercially
available AB plastics were found through the certifying company
TUV Austria. Corresponding properties were retrieved from the
technical datasheets of these materials.

The intention of this exploratory analysis was not to
provide an exhaustive overview, but rather to understand how
much the assumed properties of AB plastics on which we based
the prototypes differed from currently available AB plastics,
and from the non-biodegradable plastics that are normally used

(@)

in toothbrushes, shoes and marine rope. This would help us
understand what challenges might still be ahead for material
development and design.

Speculative Design Explorations

The speculative design explorations into the use of AB plastics
in products that wear resulted in various concepts for shoes,
toothbrushes and maritime ropes. We divided the concepts into
two design principles: insulation and substitution. The design
principle of insulation seeks to preserve the durable character of
the product and use of AB plastic to ‘insulate’ the product from its
environment. The idea here is that the AB plastic will wear away
over time, leaving the non-biodegradable plastics undisturbed. The
design principle of substitution seeks to find structural solutions
to the use of AB plastics in durable applications, for instance
by creating sacrificial parts of AB plastic in a durable plastic
structure. By substituting some, or all, of the non-biodegradable
plastic(s) of a durable product with AB plastics, the product will
fundamentally change character: its properties, structure, use,
lifespan, experiential value, and end-of-life, will all change. In
this section we will discuss the design principles of insulation and
substitution, and a section on lifetime extension.

Design Principle: Insulation

The design principle of insulation focusses on the durability of
the product by using AB plastics to form an insulating layer that
shields the product from its environment. The aim is to maximise
the lifetime of the product while allowing the parts that wear
down to do so safely. This approach allows the overall design and
performance of the product to remain largely unchanged. This led
to three different approaches, coating, buffering, and wrapping,
which we will now discuss.

Coating

Toothbrush bristles wear by friction between the bristles and the
teeth. Both the tips and the sides of the bristles wear down (Fang
et al., 2023). The exact wear pattern will vary from person to

person depending on brushing technique. For the design of the
first concept toothbrush, we coated the entire outer surface of the
bristles with an AB plastic (Figure 1).

(b)

Figure 1. Toothbrush exploration #1 AB plastic coating (in orange) surrounding the bristles:
(a) (re)coating the bristles and (b) coated toothbrush.
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Coating the surface of the bristles with an AB plastic
insulates the non-biodegradable plastic bristle hairs from direct
contact with the use environment. The AB plastic will wear
away, releasing biodegradable microplastics into the body and
the sewage while doing minimal environmental harm and posing
minimal risk to human health. A worn-out coating can be reapplied
as shown in Figure 1. A challenge is adapting the design so that
the coating can reach all areas of the bristles. Using thicker and
fewer bristles ensures that the coating reaches properly around all
the bristles, are less prone to permanent bending and will be easier
to clean. Similar bristle designs with silicone bristles already exist
on the market, demonstrating the feasibility and user acceptance.

A potential risk is that users may continue using the toothbrush
after the coating has worn off, exposing them to microplastics from
the underlying non-biodegradable material. To signal the need for
a new coating, durable bristles with a different colour than the
coating could be used, so that wear becomes visible through colour
change, as is currently already standard practice with toothbrush
bristles. Based on the assumption that AB plastics wear out quickly
due to poorer performance properties, this probably will have to be
done regularly. Furthermore, if the toothbrush is not rinsed properly
after each use, microorganisms might remain on the bristles and
biodegradation may occur even when the product is not in use,
leading to faster breakdown of the AB plastic coating.

A similar insulation approach was chosen for the first
concept shoe. The wear pattern of a sole depends on how the
user moves the foot during walking. Due to abnormal pronation

almost the entire bottom of a shoe sole can be subject to wear
(Lau, 2023; The Ohio State University Wexner Medical Center,
2017) and hence the focus was on the entire sole. In this first shoe

P. Bos, L. Ritzen, S. van Dam, R. Balkenende, and C. Bakker

concept, the AB plastic coats the sole, and it is assumed that the
coating will need to be reapplied regularly (Figure 2). Here too,
not cleaning the shoe properly after having been exposed to soil
and mud might hasten the biodegradation process. Similarly as
with the toothbrush bristles, if the shoe is not recoated in time,
this may lead to the release of microplastics from the underlying
material into the environment.

An advantage of an AB coating is that this approach can,
theoretically, be applied to any shoe or toothbrush (or other durable
products that wear down) without fundamentally impacting the
original design. For example, a coating could be applied to shoe
soles temporarily before people enter a nature reserve, or the entire
shoe could be coated to prevent contamination of an environment.

Buffering

A second approach to the principle of insulation is to create a
thick AB plastic sacrificial buffer between the product and the
environment. Figure 3 shows a concept where the bottom part of
the sole is made of AB plastic and is attached to the shoe with
studs, which allows manual replacement. A challenge is to ensure
that as little material as possible has to be discarded when the part
that wears down needs to be replaced.

An attempt to minimize the amount of buffer needed is shown
in Figure 4. Here, the shoe is designed so that the non-biodegradable
parts will not come into contact with the ground. For this reason,
the distance between the ground surface and the non-biodegradable
middle part of the shoe is enlarged in the prototype. Furthermore,
the sole extends upwards both at the front and back because this
surface is likely to be in contact with the environment.

(b)

Figure 2. Shoe exploration #1 AB plastic coating (in orange) surrounding the sole:
(a) (re)coating the shoe sole, (b) shoe with coating, and (c) bottom of the shoe with coating.

(a) (b) (c) (d)
Figure 3. Shoe exploration #2 Bottom layer of the sole made of AB plastic (in orange): (a) AB plastic layer attached to shoe, (b) AB
plastic layer partly removed, (c) AB plastic layer removed, and (d) bottom of the shoe with attachment points.
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(a)

(b)

Figure 4. Shoe exploration #3 Sections of the sole made of AB plastic (in orange):
(a) AB plastic sections attached to shoe, (b) AB plastic sections partly removed, and (c) AB plastic sections removed.

As different forces act on different areas of the sole, not
every part of the sole will wear equally. The heel, for instance,
could be made thicker to give the entire buffer an equally long
lifespan. Since the exact wear pattern varies per user, this could
also be individualised by, for example, offering different soles
based on different types of pronation. As with a coating, the
design of the product remains largely the same, even though a
buffer is considerably thicker than a coating.

Wrapping

Marine rope has a different, and rather unpredictable, wear
behaviour compared with toothbrushes and shoe soles. Not only
the outside, but also the core can shed microplastics due to friction
of the fibres during, for instance, anchoring, lifting equipment,
and fishing. This means that either these microplastics should not
be able to leak into sea water through some form of containment,
or they should be biodegradable, which means the entire rope
should be biodegradable.

One idea is to have an AB plastic sleeve that wraps around
the rope, protecting it and keeping the microplastics contained
inside, as shown in Figure 5. However, given the assumed inferior
mechanical properties of AB plastic, this is a potentially risky
option. Sleeves are typically used to protect rope from rough
surfaces and sharp edges. It follows that AB plastic sleeves will
wear quickly under such circumstances and a damaged sleeve will
cause unwanted microplastic release. In this case, the use of AB
plastic might be counterproductive, and unless the sleeves are very
regularly checked and replaced, this is unlikely to be a feasible
option. Furthermore, this design might have limited effectiveness
on microplastics shedding from the core of a rope, as the design
of the rope itself is not changed.

Design Principle: Substitution

In the design principle of substitution, the material of (part of) the
product that wears is replaced by an AB plastic to ensure the wear
particles will break down. This affects the design and properties of
the product or part thereof. By limiting the AB plastic part only to the
areas that wear, the durability of the rest of the product is maintained.

In our next design exploration, we focus on the entire rope
being made of AB plastic. During use water will penetrate to the
inside of the rope, thus, it is likely that the entire rope will already
start to biodegrade during use. Combined with the assumed
inferior mechanical properties of AB plastic, the result is a rope
with a considerably shorter lifetime than conventional plastic
ropes. It follows that the entire rope might need to be replaced
regularly, resulting in the unwanted disposal of a lot of good
material. Alternatively, the rope could change colour when worn
down allowing the weaker sections to be repaired, for instance
with a technique called splicing. Finally, a thicker rope could be
developed that would last longer but would also make it heavier
and increase the environmental impact due to the use of more
material. How much thicker and heavier this would make the
rope and whether this is realistic depends on the exact material
properties and context of use.

Contrary to shoe soles and toothbrushes, there is an
ambiently (marine) biodegradable rope on the market: Senbis
green rope. It is used for dolly rope, which is used in fisheries
to protect the net from wear caused by contact with the seabed
(Senbis, n.d.). In real-life tests, the rope was found to lose its
strength by 18% in 18 weeks (Senbis, n.d.). Since dolly ropes
should be replaced every 6 months, the lifespan is long enough
for the application. This is an example where the choice for AB
plastic is in line with the required lifespan of the product.

Figure 5. Rope exploration #1 AB plastic protective rope sleeve (in orange) around rope.
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In the second toothbrush design exploration (Figure 6), a
modular solution is explored, with the bristles entirely made of AB
plastic, to be replaced once sufficiently worn. Here, the AB bristles
act as a sacrificial part in a durable structure. If a non-toxic and
biodegradable pigment can be found, the bristle colour could fade
over time, mimicking current bristles in toothbrushes. Creating a
sacrificial part made of AB plastics requires a careful redesign of the
bristle structure—the bristles need to be thicker to ensure effective
brushing performance based on the lower strength of AB plastics,
with studier bristle hairs that are less likely to deform. Since the
toothbrush handle will not substantially wear down during use, it
can be reused and eventually recycled. Completely replacing a shoe
sole by an AB plastic would require a similar approach.

Product Lifetime Extension

The concept of AB plastic parts wearing down implies that, in
many cases, these worn parts will need replacement to extend the
lifetime of the product. In the context of a circular economy this
implies that the lifetime of a product is prolonged by operations
such as maintenance and repair. The design explorations have
already suggested several lifetime extension options, such as

(a)
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recoating toothbrush bristles or shoes and replacing AB plastic
toothbrush bristles, buffers under shoe soles, or wraps around a
marine rope. In addition to recoating and replacing AB plastic
parts, we distinguish another potential lifetime extension strategy,
which we refer to as replenishing.

Replenishing is the idea of rebuilding something that has
been diminished. For example, a worn AB plastic shoe sole could
be scanned to map where material is missing, after which the
damage could be replenished with new material using Additive
Manufacturing (see Figure 7). It is important that the new AB
plastic can adhere to the damaged sole. If it does not adhere well,
large pieces of AB plastic sole can come off, which take longer
to biodegrade than microplastics. Hence, replenishing can be
especially interesting for parts that damage locally or for parts
that exhibit a structure that wear down, like a shoe sole.

An important factor in extending a product’s lifespan
is cleaning of the AB plastic part. Since the AB plastics are
designed to degrade under ambient conditions with exposure
to microorganisms, it is important to minimise these conditions
when the product is not in use. Properly cleaning the product after
each use and storing it in a clean, dry environment will likely slow
down the biodegradation process.

(b) (c)

Figure 6. Toothbrush exploration #2 Replaceable bristles made of AB plastic (in orange) inspired by the Yaweco toothbrush
(Yaweco, n.d.): (a) AB plastic bristles attached to toothbrush handle, (b) back of toothbrush with AB plastic bristles attached, and ?
(c) AB plastic bristles removed from toothbrush handle.

Figure 7. Shoe exploration #3 Replenishing AB plastic sole (in orange) with a 3D printer.
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Reflection

Experiential Aspects of Using AB Plastics

The integration of AB plastics into durable products changes
not only functional properties and the design of the products but
also the relationship of people with these products. We list here
the main experiential aspects that emerged during the design
explorations themselves and from discussions about the designs
with visitors to the 2023 Dutch Design Week (Bos, 2023), where
the shoes were exhibited. Assuming these concepts would become
reality, both negative and positive aspects might occur that
designers and businesses need to deal with.

On the positive side, the concepts might open possibilities for
totally new ways of perceiving and handling products. This could
lead to new value propositions and service models (e.g., recoating
as a service) that incorporate careful design with use cues and clear
product information. If well-maintained and regularly replaced,
some products (like shoes) may last much longer than usual, since
the AB plastic buffer prevents the wear of the durable plastic
parts. This could not only extend the life of the main structure, but
also create a long-term engagement with users. Furthermore, the
replacement nature of the AB plastic component gives opportunities
for modular design; for example, shoe soles with different profiles
for different terrains, which potentially adds value to the user
experience and sense of ownership and personalization.

People might be motivated to ‘do their bit’ to prevent
microplastic pollution if it is made relatively straightforward and easy.
If users understand that their maintenance and repair actions, such
as replacing worn out AB parts or keeping products clean, actively
contribute to reducing microplastic pollution, they may feel more
willing to adopt these routines. Additionally, if the replacement cycle
is in line with normal habits there is a chance of quicker acceptance.
For instance, in the case with the modular toothbrush people are
already used to replacing their toothbrush regularly.

While AB plastics bring interesting possibilities, they also
bring challenges. Products might be perceived as inferior; seeing
a shoe sole wear faster than usual or having a rope break faster
than currently expected might be difficult for users to accept and
may lead to rejection. Also, the fact that a product looks or feels
different may be a reason to reject it.

Likewise, the enhanced care and maintenance requirements
could be a stumbling block for some users. Products made with
AB plastics would likely require regular cleaning to prevent
premature degradation. Furthermore, the AB plastic parts need
regular maintenance like replacing or recoating. If the intention is
that this is done by users, it may backfire, as people may simply
buy a new product instead of replacing or recoating the AB plastic.
And even if people are willing to replace or recoat, chances are that
they might do it too late or too often, which defeats the purpose
in different ways. If it is done too late, microplastics from the
non-biodegradable plastic might be released, and there is a risk
that replacement might not be possible anymore because surfaces
do not connect well anymore. If it is done too often it can have a
negative environmental impact from increased material use.
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In summary, while the introduction of AB plastics in
product design presents several challenges related to user
acceptance, maintenance, and perceived durability, it also opens
opportunities for innovation in modular design, new service
models, and a shift in user behaviour towards more sustainable
product care and environmental responsibility.

Material Aspects of Currently Available AB Plastics

In our design explorations, we made several assumptions about AB
plastics. To reflect on these assumptions, explore the feasibility of
the proposed designs, and uncover challenges for both design and
material science we conducted an exploratory material analysis
of AB plastics currently available on the market and documented
in the literature. This search was not intended to be exhaustive or
definite, but rather to provide a fair impression of the mechanical
properties of potentially interesting AB plastics, allowing for a
preliminary comparison with the conventional plastics used in the
design exploration products.

We compared the mechanical properties of AB plastics
available on the market (#5-13 in Table 1) with the conventional
plastics most often used in toothbrushes [polyamide (PA),
polybutylene terephthalate (PBT), polypropylene (PP),
polyethylene terephthalate (PET), silicone and polylactic acid
(PLA)], shoes [polyurethane (PU), thermoplastic polyurethane
(TPU), ethylene vinyl acetate (EVA) and polyvinyl chloride (PVC)],
and marine rope [polyethylene (PE), polyamide PA, polypropylene
PP, ultra-high-molecular-weight polyethylene (UHWPE), aramid
fibres and polyphenylene benzobisoxazole (PBO)] (Better Shoes
Foundation, n.d.; Jing Sourcing, n.d.; PremiumRopes, n.d.).
Commercially available AB plastics were found through the
certifying company TUV Austria. Corresponding properties were
retrieved from the technical datasheets of these materials. TUV
Austria tests for soil biodegradability of at least 90% biodegradation
at 20-25°C in 2 years, for freshwater biodegradability of at least
90% biodegradation at 20-25°C in 2 months and for marine
biodegradability of at least 90% biodegradation at 28-32°C in 6
months (nova-Institute GmbH et al., 2021).

Additionally, properties of polymers
publications on soil-, marine-, or freshwater biodegradation tests
in 2023 and 2024 were included in order to provide insight into the
most recent scientific developments in the field (#1-4 in Table 1).
Since biodegradation experiments in scientific literature use vastly
different experimental designs (e.g., with respect to temperature and
experiment duration), a threshold was set in order to be included
in the results: the polymer needed to degrade at least 30% under
ambient conditions within 180 days to be included.

from scientific

Figure 8 displays Ashby charts of the mechanical properties
of the AB plastics resulting from the material exploration. These
charts provide an indication of the performance of biodegradable
alternatives in the design explorations for selected properties and
allows for a comparison with the properties of currently used
materials. The properties in Figure 8 were selected as they are
representative of mechanical behaviour and the most reported in
material data sheets and scientific literature. As Figure 8b shows,
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Table 1. An overview of ambiently biodegradable (AB) plastics available on the market and described in literature.
PBAT: polybutylene adipate terephthalate, PHBH: poly(3-hydroxybutyrate-co-3-hydroxyhexanoate), PBS: polybutylene succinate, PBSA:
polybutylene succinate-co-adipate, PHA: polyhydroxyalkanoate, PLA: polylactic acid, TPS: thermoplastic styrene.

# Plastic type Producer Composition Soil Fresh-water Marine Reference
1 TPS na Thermoplastic starch based on cassava starch, x Ferreira et al.. 2020
o glycerol, reinforced with sugarcane bagasse v
TPS with glycerol, guar gum, magnesium, and
2 TPS n.a. el T X Yun et al., 2023
3 TPS na I:i;:;:ounded with glycerol and calcium % Thongphang et al., 2023
4 PBSA na. svﬁz;?l;té:ine succinate-co-adipate) (PBSA) with - Strangs et al., 2023
5 PBAT/PLA BASF Ecovio: copolyester PBAT and PLA X BASF, n.d.
6 Bio-PBS MItSUb'ShI Chemical FD grade: no details about composition reported X Gl el !
Corporation Group, n.d.
7 PBAT/TPS Novamont PBAT blended with TPS X Novamont, 2007
8 PHBH Kaneka Grade 151C, no details reported X KANEKA, n.d.
9 PBAT BASF No details reported X BASF, 2024
10 Notreported Golden compound GC green 3092 MIF, no details reported X Golden Compound, 2021
11 Not reported  Bio-FED x—p\gi}:dA grades GP1045 and GP1012, no details BIO-FED, n.d.
12 PHBH Kaneka Grade X131A, no details reported X KANEKA, n.d.
13 PHA NODAX Danimer, grades 2192, 2194, 2513, and 2038 X X Knowde, n.d.
Common: Biodegradable: Dyneema Dyneema
@ Shoe soles ® Soil S cOmposg§$j\{ Ararid
1004 O Maritime ropes @ Freshwater / \ ranil
@ Toothbrush hairs © Marine 1e34
—_ © Combinations, e.g. for both maritime -
[ ropes and toothbrush hairs. ©
o o
S et £.100;
c_=n P ~ HDPE I!; 5
=5 1 I [<)]
3 — \ 5 10,
E “Plastics
- 10e-3- E astics
[=)] 1 E
5 4
> // |
100e-6- o
- 0.17
Foams
T T T hhl) T T T TrrTTy ey AR AL |
10 100 le3 0.1 1 10 100 le3 10e3
Density (kg/m~3) (@) Elongation (% strain) (b)

Figure 8. Ashby charts using Granta selector (Ansys, 2023) showing the mechanical performance of ambiently biodegradable (AB)
plastics compared to conventional plastics used in the three case studies:
(a) density versus Young’s modulus, and (b) Elongation at break versus tensile strength.

the biodegradable alternatives typically have a lower tensile
strength than the conventionally fossil fuel-based polymers

for the design exploration products.

logarithmic, this difference is considerable: the tensile strength
of the biodegradable polymers is less than half of that of most
conventionally used polymers. The density of the biodegradable

alternatives was also relatively high.
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Given that the scales are

For the toothbrush hairs, water-biodegradable polymers
had a relatively low stiffness and tensile strength compared to
the conventionally used polymers. Achieving a bristle from a
biodegradable polymer with the behaviour of currently available
toothbrushes may currently not be possible. Since there was
insufficient data on freshwater biodegradable polymers, we

only used the results for marine biodegradable polymers for
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this analysis. For the shoe soles, one TPS type (number 3 in the
Figures) and PBAT/PLA copolyester ecovio (number 5) showed
a similar Young’s modulus as conventionally used PU. However,
the density was slightly higher, and the tensile strength and
elongation at break were slightly lower. This implies that the
shoe sole may be heavier and that the material may fail earlier
during normal use. For the maritime ropes, marine-biodegradable
polymers had a lower tensile strength, lower elongation at break,
and higher density than conventionally used materials. This may
result in a significantly thicker and heavier rope as more material
is needed to reach the same tensile strength and stiffness. This
effect extends further as the rope needs to be thicker to carry its
own increased weight.

This implies that straight-forward replacement of a plastic
by an AB alternative can result in a product with very different
mechanical behaviour. It also shows that for some applications,
biodegradable plastics can currently not reach the required
mechanical performance. Additives can be used to tailor the
properties of a plastic and improve certain properties. However,
these additives also need to be biodegradable in the targeted
environments. The fate and effect of (biodegradable) additives
in biodegradable plastics has not yet been studied outside of
controlled lab environments (Cao et al., 2023). Furthermore,
blending of different polymers can enhance material properties
of biodegradable plastics while maintaining biodegradability
(Narancic et al., 2018). However, both blending and adding
additives could make other recovery strategies like mechanical
recycling more difficult (Dorigato, 2021).

In conclusion, the current state of the art of AB plastics
shows clearly that the mechanical properties are inferior to their
non-biodegradable counterparts, which aligns with our initial
assumption. This has implications for product design, as designers
may need to compensate by, for example, using more material
or accepting a shorter product lifespan. Additionally, the use of
biodegradable additives that might improve mechanical properties
is still an understudied area. More research in materials science is
essential, particularly to better understand the biodegradation of
AB plastics in open environments.

Discussion

Use of AB Plastics in Products That Wear to
Avoid Microplastic Pollution

Avoiding microplastic pollution by durable plastic products
that wear is an understudied topic. Given the sheer number of
products that wear in everyday use (e.g., shoes, tires, synthetic
textiles, brake pads, brushes, brooms, ropes, products with wheels
like trolley suitcases, toys, sports, and recreation equipment,
etc), it is crucial that more research is done into the design and
development of these products and their materials. For some
products, microplastics can be avoided by (re)introducing natural
materials, but this will certainly not be possible for all products.
In many cases, the properties of natural materials will not be
adequate for the application, as they often have more variability
in properties, mechanical performance, and consistency compared
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to engineered materials, making them less predictable and
less suitable for mass production (Gilbert, 2017). This study
contributes to the understanding of how durable products can
be designed to reduce microplastic pollution by offering a novel
perspective on the integration of biodegradable plastics.

The speculative design explorations showed that the use of
AB plastics as substitution or insulation is possible, although this
might come with considerable trade-offs. The inferior mechanical
properties of AB plastics might to some extent be a given, but the
overview of commercially available AB plastics shows that more
research may be needed to push the boundaries. Material research
could for instance explore how to better control the ageing and
degradation behaviour of AB plastics, and how to use non-toxic
and nature-compatible additives to improve their mechanical
properties without compromising overall biodegradability.
Furthermore, as the biodegradation might already start during
product use, it would help the design of products if the degradation
process of AB plastics was better defined, such as when it starts,
how fast it proceeds, and under what conditions, so that material
characteristics are better understood.

The question remains whether the few commercially
available AB plastics will fully biodegrade in real-world conditions.
The certifying company TUV Austria, for instance, certifies marine
biodegradable plastics when they show 90% biodegradation
within 180 days at 28-32°C (nova-Institute GmbH et al., 2021). It
is questionable whether this standard provides a realistic picture
as the average ocean temperature is around 20°C, and there are
obviously areas where the temperature is well below that (Climate
Change Institute, 2024). The rate of degradation is probably much
slower for certified marine biodegradable plastics in an ocean
below 28°C (Shah et al., 2008). Biodegradation in soil, seawater,
or fresh water will also vary greatly in, for example, the presence
of microorganisms, humidity level, and oxygen level, affecting the
degradation rate (Kim et al., 2023). A change in testing conditions
may be advisable in such instances, as well as more research into
the health and environmental impact of not yet fully degraded AB
plastics. In addition, there is also a risk of methane formation during
the biodegradation process, which contributes to global warming
(Hottle et al., 2017). This creates a trade-off between microplastic
pollution and impact on climate change.

Design Framework for Using AB Plastics in
Products That Wear

Dealing with temporal aspects in the design of durable products
is a new challenge. Designers need to reframe their thinking from
creating maximum resistance to wear, to accepting relatively
rapid wear of (parts of) the product. Hence, a good understanding
of where and how a product wears down and the degradation
behaviour of AB plastics is necessary.

Integrating renewal services as part of the value proposition
for some products can be positive for their circularity. However,
temporality in durable products also creates a potential tension with
some Circular Economy goals aimed at maximizing value retention
and lowering environmental impact. Designers may need to
maximize the durable (long-life) part of the product and minimize
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the wearing (short lived) part and ensure both can be separated and
correctly disposed of in their distinct recovery pathways. In addition
to the design principles of substitution and insulation, it is therefore
also important to consider recycling. A potential problem is that AB
plastics could contaminate the recycling stream of durable plastics
(Iles & Martin, 2013). Furthermore, it is important to carefully
consider the trade-offs between minimising microplastic pollution
and reducing overall environmental impact. The use of AB plastics
can require more material and its biodegradation can produce
methane, which can lead to a larger impact on climate change
compared to products made of conventional plastics. Clearly,
introducing biodegradable materials in durable products introduces
a variety of new tensions to the design process.

This study presented a first design exploration on the use
of AB plastics in products that wear down. Our findings regarding
structural design can be summarized in Table 2, which also serves
as a preliminary design framework.

The framework focuses on structural design implications. In
order to make these design principles work well, some additional
aspects need to be considered. The products must be easily
cleanable so that microorganisms that activate the biodegradation
process are not retained. And besides adjustments in the structure
of the designs, designing products with AB plastics requires

P. Bos, L. Ritzen, S. van Dam, R. Balkenende, and C. Bakker

dealing with multiple tensions related to user behaviour. Users
need to adapt their normal use and care routines quite drastically,
which may lead to resistance. Guiding them with careful design
(i.e., colour change in wear parts, giving guidance on correct
cleaning and disposal of AB parts, etc) and possibly offering new
service models can help in the transition.

The
acknowledged. Many of the reflections presented are based on

study has several limitations that should be
experiences and interpretations of the authors during the design
explorations, and while they provide valuable insights in a Research
through Design approach, they remain subjective. Impressions
gathered from visitors to the Dutch Design Week were informal
and exploratory in nature, capturing initial reactions rather than
in-depth consumer understanding. Future research could focus
more systematically on consumer interaction with products
containing AB plastics. Furthermore, the AB plastics analysed in
the material analysis are relatively new and less developed than
the well-established materials with multiple grades available in
the database Granta Selection. Although the material analysis was
carried out as an exploration to see whether it might be possible (in
the future) to design products using AB plastics that wear down,
there are limitations in comparing the mechanical properties of
new and established materials. Additionally, biodegradation

Table 2. Preliminary design framework for structural design implications when using ambiently biodegradable (AB) plastics in

products that wear down.

Design Principle: use of AB plastics

in products that wear down Application in durable products

Possible implication and challenges for design

A challenge could be that the coating does not fully reach all

Insulation:

Add an extra layer of AB plastic to
surfaces of the product that wear
down, implying that the design of
the product itself remains largely
unaltered.

Coating: a well-defined surface of the product
that is subject to wear is covered by a layer of
biodegradable material. Most suited if temporary
presence is sufficient, or if re-coating is no
objection.

Buffering: a relatively thick biodegradable layer is
applied that lasts longer than a coating but does
not require an entire part of the product to have
biodegradable properties.

Wrapping: an additional enclosement made of AB
plastic surrounding a product or part.

wear-prone areas. Redesign the product to make the wear
surfaces easily accessible to coat.

The user/environment risks exposure to microplastics from the
underlaying material when coating is worn off. Explore options
to make it visually clear when a coating needs to be replaced.

Think about making the biodegradable part easily replaceable
to ensure longer lifespan of durable parts.

Due to uneven wear, possibly a large amount of material needs
to be discarded when the parts need replacement. Consider the
wear pattern of the part when designing to minimise waste.

A damaged wrap can release microplastics of the underlaying
material. Think about making the biodegradable wrap easily
replaceable to ensure longer lifespan of durable parts or match
to lifetime of the product.

Substitution:

Replace material of (part of) the
product with AB plastic, which implies
that the design of the product or part
needs considerable adaptation.

Full substitution: an entire product that is
subject to wear is substituted by a biodegradable
equivalent.

Partial substitution: the part of a product that
wears is replaced by an AB plastic part.

The AB plastic product will probably have a shorter lifetime.
Consider designing in line with the required lifespan of the
product.

Think about making the biodegradable part easily replaceable
to ensure a long lifespan of durable parts.

Product lifetime extension:

Restorative actions on the AB plastic
part to prolong the lifetime of the
product.

Recoating: reapplication of a new coating layer
when the coating is worn out.

Replacing: replacing an AB plastic part when it is
worn out. This can be done for both a substitution
and an insulation part.

Replenishing: rebuilding a part when part of
the AB plastic is worn out (e.g., with additive
manufacturing). This can be done for both a
substitution and an insulation part.

Incorrect recoating can pose risks of microplastics still being
released from the underlaying material. Consider whether it is
necessary to be able to remove an old coating and whether
recoating is done by the user or an expert through a service.

Replacing parts may be complicated for consumers. During
designing, think about how an AB part can be replaced and if
this is done by the user or an expert through a service.

If the new material does not adhere properly to the damaged
product there is a risk of large pieces of AB plastic coming off.
When choosing the AB plastic, consider that the plastic should
adhere to the original part during replenishing.
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depends on environmental conditions such as temperature and
presence of microorganisms, and therefore more research is
necessary to validate the effectiveness of using AB plastics to
mitigate microplastic pollution.

The design framework proposed is preliminary and has not
yet been tested in practical design contexts. Possible next steps
toward realising the use of AB plastics in products that wear down
include extending the exploration to identify feasible cases and
develop practical examples to test the properties of (future) AB
plastics and refine the design framework. This is complicated
as it requires close collaboration of designers with materials
developers and biodegradation experts. Finally, the work involves
several assumptions about material behaviour, user response,
and product performance that were necessary at this speculative
stage; these assumptions can be verified through additional
interdisciplinary research.

Conclusion

Alarming news of microplastic pollution forces us to carefully
and radically rethink the way we currently design and use
plastic products. Non-biodegradable plastics, mainly praised for
their durability, are increasingly seen as major contributors to
microplastic pollution. This paper explored the use of ambiently
biodegradable (AB) plastics in durable products as a strategy to
reduce microplastic pollution, with the intention of developing a
preliminary design framework that introduces a novel perspective
on the use of AB plastics in durable design. Through speculative
design explorations we addressed the tension between durability
and temporality. We based our design exploration on the use
of AB plastics in cases of inevitable microplastic release in the
environment caused by wear inherent to the use phase of a product.
Furthermore, we used circular design principles, implying that
more valuable recovery pathways than biodegradation should be
prioritised whenever possible.

Our design explorations showed the potential of AB
plastics as an interesting solution to tackle microplastic pollution
from products that wear down. AB plastics used in durable
products challenges the mindset for both designers and users to
move away from the traditional focus on durability. This opens
the door to creative product designs and new business ideas, like
renewal and maintenance services that could fit well with circular
economy principles. While our findings suggest the use of AB
plastics in durable products has potential, there are still challenges
to overcome, particularly concerning their lower mechanical
properties. This might result in the use of more plastic overall and
therefore accepting a higher environmental impact to avoid non-
biodegradable microplastic release. More research is needed, for
example in optimizing the degradation behaviour and addressing
their performance in real-life situations.

To realise the full potential of AB plastics in products that
wear down, collaboration between product designers, material
scientists, and biodegradation experts is essential. Hence,
expanding this research with additional case studies and practical
examples will be an important step to enable implementation of
AB plastics in durable products.
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