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Abstract: This design review evaluates the use of bio-based plastics in durable con-
sumer products. The main question is: how does the use of bio-based plastics influence
the product’s design, functionality, marketing & communication, and sustainability?
Although higher material prices would lead one to expect that higher value applica-
tions would be targeted, research shows bio-based plastics are mainly used in short-
lived applications like packaging. This study investigates their use in durable consumer
products through a design review. The results indicate that bio-based plastic usage is
still in its early days in durable products. Bio-based plastics appear to be utilized as
straightforward replacement of fossil-based plastic. Designers are not yet using the
unique properties of bio-based plastics in the design of their products. Companies
mainly exploit the green image of bio-based plastics in their marketing & communica-
tion. Their focus is on the renewable feedstock and not on sourcing, or on recovery at
end-of-life.

Keywords: bio-based plastic; product design; design review; circular economy

1. Introduction

Plastics are a crucial material in our modern life and their use is growing every year. In 2019,
almost 370 million tonnes of plastics were produced (PlasticsEurope, 2020). Most of these
plastics are produced with fossil fuels, consuming ca. 6% of oil produced globally (Payne et
al., 2019).

Growing concerns about climate change and plastic pollution (Jambeck et al., 2015) stimu-
late the development of alternatives to fossil based plastics (Bucknall, 2020; Kakadellis &
Rosetto, 2021; Shen et al., 2010). One of these alternatives is bio-based plastic, meaning the
plastic is made of renewable biological resources (Reddy et al., 2013; Zhu et al., 2016). Bio-
based plastics can be divided into two groups: “dedicated” plastics which have a new chemi-
cal structure (e.g. PLA), and “drop-ins” with an identical chemical structure to their fossil-
based equivalent (e.g. bio-PE) (Carus et al., 2017; IfBB, 2016). In 2020, approximately 1% of
processed plastic was bio-based and their share is growing (Nova-Institute, 2021).

@ @ This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 Interna-
BY NC tional Licence.
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Bio-based plastics could potentially help in the transition towards a sustainable and circular
economy, since they can be considered carbon-neutral (Haut et al., 2017; Spierling et al.,
2018). The use of a renewable feedstock is necessary to move away from fossil fuels
(Alvarez-chdvez et al., 2012; Kakadellis & Rosetto, 2021; Mohanty et al., 2002). However,
this alone does not necessarily make a product circular or sustainable (Venkatachalam et al.,
2018). The type of feedstock has influence on the sustainability as well. For most plastics, ei-
ther edible crops, so called 1%t generation feedstock, or non-edible crops, 2" generation
feedstock, are used (Lambert & Wagner, 2017; Sheldon, 2014). New developments have led
to 3" generation feedstock where algae is used as feedstock (Lambert & Wagner, 2017). To
make a bio-based plastic product circular, the environmental and technical impact of sourc-
ing and recovery options should be taken into account (Bakker & Balkenende, 2021;
Spierling et al., 2018). One could argue that good product design is crucial for achieving a
true circular economy.

Although the current high costs of bio-based plastics would lead one to expect that higher
value applications are targeted (Karan et al., 2019), research shows the bio-based plastics
currently on the market are mainly used in single-use applications (IfBB, 2016; Nova-
Institute, 2021). Indeed, the literature mainly focusses on short-lived applications like pack-
aging instead of the use of bio-based plastics in durable products. Durable is defined here as
products that can be used repeatedly or continuously over a period of a year or more, as-
suming a normal or average rate of physical usage (UNSD, 2018).

The aim of this research is to explore the current usage in durable products and how this
bio-based plastic use influences the design, functionality, marketing & communication, and
sustainability of the product.

We conducted a design review on a representative selection of consumer products made
fully or partially of bio-based plastics. The selection of the products resulted from desk re-
search to find bio-based products. In a design review, products are evaluated objectively
against aspects related to product design.

2. Method

Desk research was used to find products fully or partially made of bio-based plastic. The re-
search is limited to durable consumer products. The products were found by searching
Google using terms like ‘bio-based plastic’ and ‘bio-based polymer’ in combination with the
term ‘product’ or ‘design’. Additionally, the online magazines ‘Bioplastic magazine’ and
‘Dezeen’ and the website ‘Bioplastics News’ were used to find useful examples of bio-based
plastic products. The search was limited to products available on the market in the past 10
years.

The research is qualitative, with a focus on design choices. The study is based on self-obser-
vation and reflection by the authors, based on information and pictures available on second-
ary sources. If a brand had a lot of similar products, for example different toys made from
the same material, only one product was included. Similar products of different brands were
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not all included since no new insights would emerge from this. Only products of which the
type of bio-based plastic was known were included. Information on the products and their
bio-based plastic material had to be available in English for them to be included. The results
were divided into categories according to ‘Classification of Individual Consumption Accord-
ing to Purpose’ (COICOP) (UNSD, 2018). The number of products is not representative of the
bio-based plastic market as no exhaustive study was conducted.

Six cases were selected for the design review, which are representative of the products
found during the desk research. We aimed to include products with different characteristics
to include a diverse group of durable consumer products:

e Both drop-in bio-based plastics and dedicated bio-based plastics, to see whether
dedicated bio-based plastics are used in a different way than drop-ins, i.e. not as
direct replacements.

e Different generations feedstock (1%, 2" and 3™ generation), to see whether the
choice of a more innovative feedstock leads to more innovative designs.

e Both successful and unsuccessful market introductions, to understand potential
challenges companies face when introducing bio-based plastic products.

e Products used in extreme conditions (e.g. wear or temperatures), to explore to
what extent the properties of bio-based plastics have been used to create heat-
resistant or wear-resistant products.

These cases were reviewed by the authors on the following aspects: design, functional-
ity, marketing & communication, and sustainability. These aspects were derived from
the influence factors to the design process explained by Ashby and Johnson and on the
first author’s 5-year experience as industrial designer in a commercial agency. Ashby
and Johnson state there are five dominant inputs that create the context in which de-
sign takes place; industrial design, technology, economics, the environment and the
market (Ashby & Johnson, 2010). These inputs were taken into consideration while de-
fining the review aspects explained in Table 1. With these review aspects, the influence
of the bio-based plastic usage in the products was analysed.

Hereafter, a second set of six products were reviewed in less detail to verify the conclu-
sions from the first set of products.
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Table 1. Review aspects and how the products are reviewed.

Review aspect

Design The extent to which the product’s aesthetics and texture -
the ‘look and feel’ - seems to have been influenced by the
use of bio-based plastics.

Functionality The extent to which the properties of the product have, or
have not, improved due to the use of bio-based plastics.

Sustainability The deliberate choice of more sustainable forms of feedstock
and the extent to which the end-of-life has been considered
in the design and business model.

(Note: no LCAs were made for the reviewed products in this
research due to the lack of reliable information available.)

Marketing & The way bio-based plastics are marketed as an added value.
Communication

3. Results

In the desk research, 57 products were identified. Table 2 gives an overview of the product
categories and the types of bio-based plastic. The results show bio-based plastics are used in
a wide variety of applications. In most products only one type of bio-based plastic is used, of
which the drop-in plastic PE and the dedicated plastic PLA occur most often. The majority of
the products are in the categories ‘Household utilities’ and ‘Recreation: Toys & sports'.

Table 2. Number of partially or fully bio-based durable consumer products included in the desk re-
view: divided in categories and the bio-based plastics used.

Type of bio-based plastic

Total per Cellu- EVA PA PC PE PHA PLA PP TPE
category lose

Clothing & Footwear 9 2 2 5
Furniture 6 1 1 3 1
Household utilities 14 1 9 4
> . .
o Information & communi- 7 1 2 1 1 2
8? cation
]
O Recreation: Toys & sports 14 1 8 4 1
Stationary & drawing ma- 3 1
terials
Personal effects 4
Total 57 3 2 6 2 18 2 14 2 8
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The first set of six cases that were selected for review from these 57 products are described,
accompanied by a table with the design review results. Hereafter, the results of the first and
second set of reviewed products are summarized in Table 10. Remarkable new results in the
second set are added to the design review in the end of this section. Since the second set of
products are less extensively reviewed, a number of questions remain open. These are indi-
cated in the table with a question mark.

LEGO plants

The first products LEGO made from bio-based material are the plant elements. Fossil-PE is replaced
by the drop-in bio-based PE, made from sugarcane, which is 98% bio-based (LEGO group, 2018). The
products are released in 2018 and are sold in all LEGO sets containing plant parts.

Table 3. Design review ‘LEGO plants’.

LEGO plants

Plants« >

wm Plants

bio-based (L) vs fossil-based (R) LEGO plants advisement
LEGO plant parts

Design The design of the plant parts remained the same when the
fossil-based PE was replaced by bio-based PE.

Functionality Drop-in bio-based PE performs the same as fossil-based PE
and therefore the functionality and durability of the products
did not change when switching to bio-based plastic.

Sustainability The bio-based PE is made from sugarcane, a 1° generation
feedstock.

Bio-based PE can be recycled together with fossil-based PE.

Marketing & LEGO chose their plant parts as first products to use bio-

Communication  based plastics; ‘Plants from Plants’. The marketing is focused
on the plant-based material, stating it is a sustainable mate-
rial (LEGO group, 2018).
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Reebok Cotton + Corn

The sole of the Reebok Cotton + Corn shoe is made from bio-TPU, which is made with 100%
bio-based propanediol which is an ingredient of TPU (Susterra, 2018). Information about the
other ingredients is lacking. If the TPU is a drop-in or a dedicated bio-based plastic and the
bio-based percentage can therefore not be said based on the available information. The
shoe was released in 2018 and is still on the market.

Table 4 Design review ‘Reebok Cotton + Corn’.

Reebok Cotton + Corn

|

Fcumm + CORN ﬂ

MADE FROM THINGS THAT GROH

Reebok Cotton + Corn advertisements

Design In the Cotton + Corn shoe, Reebok uses a classic shoe design.
The sole is bio-TPU derived from corn and the top is made
from cotton. The cotton gives the product a natural look &
feel. However, this is not because of the bio-based plastic
used. The design of the sole and the shape of the shoe are
not different from fossil-based Reebok shoes.

Functionality Whether the bio-TPU is a drop-in or dedicated plastic is un-
clear. There are no indications that the performance and du-
rability is different from fossil-based TPU shoe soles.

Sustainability The bio-TPU is made from corn, a 1 generation feedstock.
Although Reebok is saying it is working on completely home
compostable shoes, the Cotton + Corn shoe is not. The soles
are industrially compostable (Reebok, 2018). It requires spe-
cific circumstances to degrade, so micro plastics that are re-
leased through wear will not break down in nature.

Marketing & The bio-based content is used in the name of the product

Communication and in advertisements, focusing on the renewable content.
Reebok acknowledges this is only a first step towards sustain-
able footwear (Reebok, 2018).




Bio-based plastics in durable applications

Orthex GastroMax Bio

The kitchen utensils of Orthex GastroMax Bio are made of glass fibre reinforced PA derived from cas-
tor bean oil (DSM, 2021b). The PA is 70% bio-based (DSM, 2021a) and this specific PA, PA410, is con-
sidered a dedicated bio-based plastic (Carus et al., 2017). The products are released in 2020 and still

on the market.

Table 5 Design review ‘Orthex GastroMax Bio’.

Orthex GastroMax Bio

GastroMax E =z /|
: =

New range of kitchen
“utensils made from
bio-based plastic

=
]
7]

bio-based (L) vs Orthex kitchen utensils advisement
fossil-based (R)
Orthex kitchen utensils

Design The shape and texture of the bio-based utensils are identical
to the fossil-based utensils of Orthex. The only difference in
the design is the colour; the bio-based products are green or
grey and the fossil-based products are black.

Functionality The bio-based utensils can withstand slightly lower tempera-
tures; 210°C vs 230°C (Orthex Group, 2020b, 2020a). How-
ever, this is within the operating temperature of the product
and will therefore not affect the durability of the product.

Sustainability The bio-based PA is made from castor bean oil (DSM, 2021b),
a 2" generation feedstock.
On the packaging and website the recycle symbol of PA is
shown (Orthex Group, 2020b), implying the products can be
recycled together with other fossil-based PA grades.

Marketing & The name of the product contains ‘BIO’. A photo of branches

Communication is used as background on the packaging and the website. The
packaging of the bio-based utensils expresses the natural
origin of the material and shows a logo which states the bio-
based product has a smaller carbon footprint. The website
states a LCA is made. Only the main result is published: more
than 50% carbon footprint reduction compared to fossil-
based PA Kitchen utensils (Orthex Group, n.d.). It is unclear
what data is used in the LCA.
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Bioserie teether
All products of Bioserie are made of PLA, made from corn, and natural additives and organic color-

ants (Bioserie, n.d.-b). PLA is a dedicated plastic and 100% bio-based. The products are released in
2014 and still on the market.

Table 6. Design review ‘Bioserie teether’.

Bioserie teether

Made of; plants
0% bk N
100% bisbased.

vioserie SAFE b -

o \ - B

PLANTS o= SIS

Bioserie teether advertisement  Bioserie teether packaging

Design The design of the teether does not refer to the bio-based
plastic use. The teethers do not look different from other
plastic teething rings.

Functionality The teethers are hard plastic rings for baby’s to bite on. The
use of PLA does not make the function and durability of the
product different from using other hard plastics approved for
baby toys.

Sustainability The PLA is made from corn, a 1 generation feedstock.
Bioserie is stating three possible disposal options;

1. Incineration with energy recovery, gaining renewable
energy

2. Recycling, although this option is limited in real life
conditions

3. Composting in industrially composting facilities,
which is still in early development stages

(Bioserie, n.d.-a).

Marketing & The brand name contains ‘bio’ and on their website and
Communication packaging a logo ‘made of plants’ is displayed. In their mar-
keting and communication the focus is on safe and healthy
toys, because all the raw materials are derived from plants
and do not contain oil-based chemicals (Bioserie, n.d.-b). It
insinuates that oil-based chemicals are unsafe and unhealthy
which is not necessarily the case. The health claim is not sub-
stantiated.
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Bioserie states that studies prove their material produces less
greenhouse gasses and non-renewable energy than tradi-
tional polymers like polystyrene (Bioserie, n.d.-a).

Vivobarefoot Ultra Ill Bloom

The top of the Vivobarefoot Ultra Il Bloom water shoe is made from bio-based EVA foam, which is
40% bio-based of which 5% is algae (Vivobarefoot, n.d.-a). Information about the exact ingredients of
the material is lacking and therefore it cannot be said if the material is a drop-in or dedicated bio-
based plastic. It is unclear if the use of algae changes the material properties compared to fossil-
based EVA. The products are released in 2017 and still on the market.

Table 7. Design review ‘Vivobarefoot Ultra Ill Bloom’.

Vivobarefoot Ultra Ill Bloom

Vivobarefoot Ultra Ill Bloom advertisement

Design The organic structure in the design of the shoe refers to na-
ture and an algae green colour is used.

Functionality The use of bio-based EVA does not alter the functionality and
durability in comparison to fossil-based EVA.

Sustainability The material is partly bio-based. 5% is made from algae, a 3™
generation feedstock.
EVA foam is difficult to recycle directly (Rosa et al., 2021).
And because the EVA foam and sole from a different material
are melted on each other, the shoe will not be recycled.

Marketing & The algae usage in the shoe is used in marketing and commu-
Communication nication. Photos of the shoes in water with green algae
blooms are used. The name ‘Bloom’ refers to algae bloom.
Vivobarefoot is claiming using algae has a positive impact on
the environment because removing algae cleans and restores
the environment (Vivobarefoot, n.d.-b). The environmental
impact is not fully substantiated.
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IKEA TALRIKA

In 2019, IKEA released two series of products with plates, bowls and cups of PLA, made from corn;
TALRIKA and HEROISK. Both were recalled in 2021 because products could possible break at elevated
temperatures potentially causing burns (IKEA, 2021). PLA is a dedicated bio-based plastic. It is un-
clear if IKEA used a blend with specific additives.

Table 8. Design review ‘IKEA TALRIKA’.

IKEA TALRIKA

Sustainability on large
and Il scal

IKEA TALRIKA folder advertisements

Design The design of the products is not different from similar fossil-
based products.

Functionality PLA turned out to be unsuitable for the application and the
products had to be withdrawn from the market. They could

not withstand high temperatures of hot food and beverages.
PLA without specific additives to raise the heat resistance will

start to deform around 60°C (Martin & Avérous, 2001). Con-

sequently, the use of PLA decreased the durability of the
product in comparison to similar products made from other
plastics.

Sustainability The PLA is made from industrial corn (IKEA, 2019a), a 1° gen-
eration feedstock .
IKEA states their PLA products can be recycled (IKEA, 2019b).
If the recalled products are recycled is unknown.

Marketing & IKEA does not exploit the bio-based plastic usage in their
Communication  marketing and communication. It is only briefly mentioned in
the description of the product on the website and in folders.

10
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In line with these six products, an additional six were analysed to verify the findings of tables
3-8. An overview of the products of both sets is given in Table 9 and the results in Table 10.

Regarding the category ‘Design’ (see Table 10), the overall picture is that in most cases
(10/12), the shape of the product is the same or similar to fossil-based equivalent products.
If the colours are specifically chosen for the bio-based design, they are often green or pastel
colours.

Most products (8/12) have similar functionality and durability compared to fossil-based
equivalent products. In the second set of analysed products, there are two products which
have a better performance according to the company. The Vaude Skarvan Biobased Pants
made from bio-based PA are, among other things, said to dry faster and have a higher fibre
strength (Vaude, 2020), and the bio-based TPE of the Scarpa GEA is claimed to be lighter
(Scarpa, 2021).

Regarding ‘Sustainability’, more 2" generation feedstock is used in the second set of prod-
ucts (5/6). This is mainly waste material of edible crops. For the End-of-Life similar results
are found in the second set as in the first set of products. Recycling is mainly mentioned as
End-of-Life option (7/12). Though there are very few arrangements from the companies to
ensure End-of-Life is done as intended.

Similar results for both sets were also found in Marketing & Communication. The bio-based
content is displayed on the product, its packaging, in the product name, description and in
the marketing campaign.

Table 9. Analysed products.

1% set
1 2 3 4 5 6
LEGO plants Reebok Orthex Bioserie Vivobarefoot IKEA
Cotton + Corn GastroMax Bio teether Ultra lll Bloom TALRIKA
2" set
7 8 9 10 11 12
Salvatore Vaude BE O lifestyle Dantoy Kartell Scarpa
Ferragamo Skarvan Biobased BE O bottle Bio bobsled Componibili Bio GEA

sunglasses Pants

o B
9 " i'a . o

11
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Table 10. Design review overview.
Design Functionality Sustainability Marketing &
Communication
Shape | Colour Performance| Durability | Feedstock End-of-Life bio-based commu-
compared to fossil-based | generation nicated in/on:
equivalent
- © >
. g
e Sle B o
c m|<c g S
QL £l 9 9
[CE c T o
2 312 ¢ >
3 2|3 8 P
v Q 7] < E.
T O| T ;g [}
o 8|3 - % S
© —_ © o) o [
o oo « » “ Q a0
= = — %) w0 0 = g
2 ® 2 3 2 = S £ v
e gL 3 = = > o b & <
o ©T| o O = = = T 8| & c Q9 c w
+ o + o e’ e’ 8 © E = - - E= S =T S
s 2l 2ls B oL s B o . 2 5 @ £|4L|0 © 2 ® ™
o =518 =8 0o 0|8 o o v 5 QL v o 2io|32 3 5 o C
t o|T 8| £ £|E 8 £|. = o3 82528 S|el8 8 ¢ E
E 1 E 1E ° B|EQ | 2 Pl o & ©T & ©|2|2 2 O & &
v |l ol & alv & a|ld & m|l £ £ £ @ fE|d|lada & O O a
1| x X X X X X X x* X X X
2| x X X X X X X X X X X
=)
@ 3] x X | x X X X X X X X
04| x X | x X X X X X X X X X
5 X X | x X X X | X X X X X
6 | x X X X X X X
7| x X X X X P ? X x ?
8 | x X X | X X x ? X**hx x x x ?
=)
919 X | X X X X X X X X X
-}
w~ |10 x X | x X X X ? X X X
11| x X X X X X ? X X X X
12| x X X | X X X prEx| P X X X
Unclear wheter the product meets the critera
* Reuse program currently only available in the US and Canada

ok Repair service in place, unknown if pants will be recycled in their ‘green shape’ program
**¥*  Unclear if Scarpa is using the ‘Virtucycle Program’ of material manufacturer Arkema

4. Discussion

The aim of this research was to explore the current bio-based plastic usage in durable prod-
ucts and how this use influences the design, functionality, marketing & communication, and

sustainability of the product.

Due to the higher price of bio-based plastics compared to fossil-based equivalents, exploita-
tion in functionality and design of the products would be expected. However, in the re-
viewed sample of products, bio-based plastics appear to be utilized as a risk-free replace-
ment of fossil-based plastic. Even for dedicated bio-based plastics that have unique proper-
ties compared to fossil-based plastics, one-to-one replacement seems to be the norm.

12



Bio-based plastics in durable applications

Adaptations to the design of the products are relatively minor. The bio-based origin of the
plastic is sometimes expressed using soft pastel colours, the colour green or organic tex-
tures. This could indicate the emergence of new “bio” aesthetic, or merely an easy and cost
effective marketing-related change. Another reason for the relatively minor changes could
be that companies want to stay close to the designs the customers will recognise as products
of their brand.

The limited utilization of bio-based plastic in the functionality of durable consumer products
can be an indication that the use of bio-based plastics is still in its early days. One explana-
tion could be that companies do not look beyond materials they know and are used to work
with. Another possibility is that product designers are still learning about the properties. This
can also be seen, for example, in automotive industry, where the use of bio-based plastics is
currently mainly focused on non-structural interior components, but due to research & de-
velopment and encouragements from governments, bio-based plastics are increasingly used
in more structural parts like seat frames, load floors and steering components (Akampumuza
et al., 2017).

As the market of bio-based plastics matures, exploitation of unique properties would be ex-
pected. For instance, using biodegradability where this might be useful, e.g. products or
parts that are subjected to wear like tires or shoe soles. In the example of the bio-based
soles of Reebok sneakers this is not yet the case, and it remains an open question whether it
is technically possible. Further research is needed to discover which opportunities there are
for using bio-based plastics in durable applications and what barriers are holding back indus-
try from applying them more often.

A valuable property of bio-based plastic appears to be their good communicability. Bio-
based plastic use is mainly exploited in marketing and communication of the products. The
downside is that companies sometimes go too far with unsubstantiated and possibly mis-
leading claims. Bio-based is communicated as equivalent to sustainable and safe. While it is
likely a conscious choice to target consumers who are sensitive to such claims (enabling
companies to increase prices or improve their sales), it could also be that expertise is missing
and companies are not aware that their claims are incorrect.

Our design review indicates that there is little integrated thinking about the sustainability of
bio-based plastics products. Companies seem to focus mainly on the bio-based origin of the
material, but not on sustainable sourcing of the feedstock. The end-of-life and recovery
pathways are often not communicated at all. If recovery options are mentioned, it is mostly
theoretical (e.g. PLA is biodegradable or recyclable), but not how the product can be recov-
ered in practice in a manner that is conducive to composting or high-quality recycling.

Challenges lie in designing with bio-based plastics considering the complete value chainin a
way that ensures more sustainable product designs. This brings great responsibility to de-
signers who are not only designing a physical product but who also have to think about
sourcing and recovery after use. Further research into how designers can consider optimal
circular economy routes is needed.
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Obtaining information, especially details about the functionality and sustainability, from sec-
ondary data (e.g. websites) appeared to be difficult. Information was often in different
places or not at all on the websites of the companies. The question is whether consumers
take the effort to look beyond a product page or the information they see in the marketing
material. This can create false expectations among consumers.

The design review was conducted with a desk review. In total 57 products were selected in
the first stage, of which 12 products were reviewed in further depth. The results are limited
by the available information online at the time of the search. They nevertheless are consid-
ered to provide insights that are relevant for the transition to bio-based plastics. Since the
search concerned only English information, the results are mainly from Western countries.
Geographical conclusion can therefore not be drawn. This design review was an exploratory
study and presents many questions for further research.

5. Conclusion

This research set out to explore how the usage of bio-based plastics influences the design,
functionality, marketing & communication, and sustainability of durable consumer products.
The design review showed that there is not much evidence so far of creative use of the prop-
erties of bio-based plastics, with exception of marketing and communication. This indicates
that the bio-based plastic usage in durable applications is still in its early days. Sourcing of
sustainable feedstock and recovery of the bio-based plastics are hardly considered. While
the focus of the industry currently seems to be on marketing and communication, there are
almost certainly opportunities to make better use of the bio-based plastics in the design,
functionality and sustainability of durable consumer products. Future research should set
out to support product designers interested in these avenues of bio-plastics use.
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