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All it took to unearth in the dust and the dirt
Some release or respite from the heat and the hurt

Was taking the time now and then to ask how | am

— Joey Batey & Madeleine Hyland, Battle Cries
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SUMMARY

Throughout its evolution, our industrial economy has hardly moved beyond the linear
consumption model of 'take-make-use-waste’. Alternative systems, such as the circular
economy, are suggested to overcome the challenges of the linear economy. It proposes
a restorative way of consumption where materials, products and parts are kept longer in
use and no waste is generated. Repair helps to slow down the resource loops, with the
added benefit that the required investments are lower than for other recovery options.
However, spare parts may not be available when the production of the products ceases as
it is difficult to predict how many spare parts are needed and storing them in warehouses
can be costly. To make spare parts more generally available, they could be produced with
additive manufacturing. Printed spare parts can be stored online instead of in a physical
inventory, reducing delivery time, costs, emissions, and material waste. However, to fully
optimise printed spare parts, a better understanding is needed of the design considerations

that are involved.

In this dissertation, we explore how additive manufacturing can be used to produce plastic
spare parts for the repair of consumer products. By reviewing the repairs of consumer
products in repair café’s, we estimate that around 8-29% of plastic spare parts are currently
suitable for additive manufacturing. As most parts are currently unsuitable for additive
manufacturing, the design of these printed spare parts needs to be aligned with the
capabilities of the technology. This requires a better understanding of the specific design
considerations. We need to find what design aspects are suitable for the use of additive
manufacturing and which are more difficult. This will help us to determine the design
complexity and what the biggest design challenges will be. Also, we investigate how to
design parts that facilitate the use of additive manufacturing. Since parts can be designed
by either the consumer or the manufacturer, it is important to distinguish between design
in consumer self-repair and in manufacturer-enabled professional repair. These design
perspectives are explicitly included in this dissertation.

Through our studies, we found that the suitability of a part is determined by the combination
of part requirements, rather than a single complex requirement. A careful balance between
design, material and manufacturing is needed before a spare part can be printed. Therefore,
the design requirements should be considered in the context of their overall functionality.
To support designers in their assessment of part suitability, we compared the capabilities
of injection moulding and additive manufacturing for a wide range of requirements. By
understanding the gap between the two manufacturing methods and adjusting the design
accordingly, it becomes easier to produce 3D-printed spare parts.



While most plastic part designs are currently unsuitable for additive manufacturing, only
small adjustments are generally required to ensure that a part design is suitable for both
injection moulding and additive manufacturing. Most of the challenges for plastic printed
spare parts can be addressed through careful design. For consumers, we constructed the
3D-printing for Repair process with instruction guide that provides a step-by-step approach
to design a printed spare part for a broken or missing product part. For manufacturers, we
developed the equivalent design process to help designers to develop solutions that are
suitable for both injection moulding and additive manufacturing. However, if a product
cannot be repaired at its part level, investing in the development of printed spare parts
does not make sense. Therefore, designing for repair is a necessity for creating printed

spare parts.

It is easier to enable 3D-printed spare parts early in the design, as both the part designs
for injection moulding and additive manufacturing can still be modified. With the
equivalent design process, designers can prioritise design solutions that work for both
manufacturing methods. If printed spare parts are introduced later in the product lifecycle,
the design process becomes less flexible as the designer needs to consider an already-
existing product. This limits a designer to optimise design decisions or to explore novel
working structures. While printed spare parts can still be used for existing products, more
careful consideration of the design limitations is needed in that case. Also, the design
of a printed spare part should focus on its intended function, rather than replicating its
material or shape. This is especially important when redesigning or reverse-engineering
existing parts. Most printed parts and materials will perform differently from the original
parts and materials they replace. To facilitate the design of printed spare parts, designers
should concentrate on creating parts that are functionally equivalent, rather than identical.
Prioritising functional equivalence through the equivalent design process will reduce the
design workload while providing considerable flexibility for design optimisation based on
the respective manufacturing capabilities.

Additive manufacturing is a promising method for producing spare parts. While it may not
be a systematic solution for all parts and products, it can provide spare parts long after
initial production has ceased or extend the lifetime of legacy products. There is potential for
further research and development to ensure printed spare parts are sustainable, viable and
safe. More sustainable design methods can be integrated into the design of printed spare
parts, and additive manufacturing methods can be developed further to enhance both their
manufacturing capabilities and sustainability impact. However, as additive manufacturing
is flexible and rapidly evolving, it could be the missing link to enable long-term product

repairs in the future.



SAMENVATTING

De ontwikkeling van onze industriéle economie is nauwelijks verder gekomen dan het
lineaire consumptiemodel van ‘'nemen-maken-gebruiken-afdanken’. Alternatieve systemen,
zoals de circulaire economie, worden voorgesteld om de uitdagingen van de lineaire
economie te overwinnen. In de circulaire economie worden materialen, producten
en onderdelen langer gebruikt en wordt er nagenoeg geen afval geproduceerd. Het
repareren van producten helpt in het behouden van grondstoffen, met als bijkomend
voordeel dat de vereiste investeringen lager zijn dan voor andere verwerkingsmethodes.
Het is echter mogelijk dat er geen reserveonderdelen meer op voorraad zijn nadat de
productie van het product wordt stopgezet, aangezien het moeilijk te voorspellen is hoeveel
reserveonderdelen er nodig zijn en de opslag ervan duur kan zijn. Om reserveonderdelen
beter beschikbaar te maken zouden ze geproduceerd kunnen worden met additive
manufacturing. Geprinte onderdelen kunnen online bewaard worden in plaats van in een
fysiek warenhuis, waardoor de levertijd, kosten, uitstoot en materiaalverspilling afnemen.
Voor het optimaliseren van deze geprinte onderdelen is echter meer inzicht nodig in welke
overwegingen een rol spelen in het ontwerp ervan.

In dit proefschrift verkennen we welke additive manufacturing methodes er gebruikt
kunnen worden in de productie van plastic onderdelen voor de reparatie van
consumentenproducten. Door de reparaties van consumentenproducten in Repair cafe’s te
bestuderen, schatten we dat ongeveer 8-29% van de plastic reserveonderdelen momenteel
geschikt zijn voor additive manufacturing. Aangezien de meeste onderdelen momenteel
ongeschikt zijn om te printen, moet het ontwerp van geprinte reserveonderdelen beter
afgestemd worden op de mogelijkheden van de productiemethode. Hiervoor is een
beter begrip nodig van de specifieke ontwerpoverwegingen. We moeten uitzoeken
welke ontwerpaspecten beter geschikt zijn voor additive manufacturing en welke meer
uitdagend zijn. Dit geeft ons meer inzicht in de complexiteit van het ontwerpproces
en wat de grootste ontwerpuitdagingen zullen zijn. Ook onderzoeken we hoe we het
ontwerp van de onderdelen kunnen afstemmen op het gebruik van additive manufacturing.
Aangezien geprinte onderdelen ontworpen kunnen worden door zowel de consument als
de fabrikant, is het belangrijk om onderscheid te maken tussen ontwerp voor zelfreparatie
door de consument en ontwerp voor professionele reparatie door de fabrikant. Deze

ontwerpperspectieven zijn expliciet meegenomen in dit proefschrift.

Uit onze onderzoeken bleek dat de geschiktheid van een onderdeel wordt bepaald door
de manier waarin de ontwerpeisen gecombineerd zijn, in plaats van de complexiteit van
een specifieke eis. Er is een zorgvuldige balans tussen ontwerp, materiaal en productie
nodig voordat een onderdeel geprint kan worden. Hierdoor is het belangrijk om rekening te

houden met de hoe de ontwerpeisen bijdragen aan de algehele functie van het onderdeel.



Om ontwerpers te ondersteunen bij hun beoordeling of een onderdeel geschikt is,
hebben we een overzicht gemaakt waarin de mogelijkheden van spuitgieten en additive
manufacturing vergeleken worden voor een groot aantal ontwerpeisen. Door de verschillen
tussen de twee productiemethodes te begrijpen en het ontwerp hierop aan te passen, wordt

het makkelijker om 3D-geprinte reserveonderdelen te produceren.

Hoewel het ontwerp van de meeste plastic onderdelen op dit moment ongeschikt is voor
additive manufacturing, zijn er meestal maar kleine aanpassingen nodig om ervoor te
zorgen dat het ontwerp van een onderdeel geschikt is voor zowel spuitgieten als additive
manufacturing. De meeste uitdagingen voor geprinte reserveonderdelen van plastic kunnen
worden aangepakt door een zorgvuldig ontwerp. Voor consumenten ontwikkelden we het
3D printing for Repair proces met instructiegids wat een duidelijke aanpak biedt om een
geprint reserveonderdeel te ontwerpen voor een kapot of missend onderdeel in het te
repareren product. Voor fabrikanten hebben we het equivalent design proces opgezet om
ontwerpers te ondersteunen in het ontwikkelen van oplossingen die geschikt zijn voor zowel
spuitgieten als additive manufacturing. Als een product echter niet op onderdeelniveau
gerepareerd kan worden, heeft het geen zin om te investeren in de ontwikkeling van
geprinte reserveonderdelen. Daarom is ontwerp voor reparatie noodzakelijk voor het maken
van geprinte reserveonderdelen.

Het is makkelijker om 3D-geprinte reserveonderdelen vroeg in het ontwerp te realiseren
aangezien het dan nog mogelijk is om de ontwerpen voor zowel spuitgieten als additive
manufacturing aan te passen. Met het equivalent design proces kunnen ontwerpers prioriteit
geven aan ontwerpoplossingen die werken voor beide productiemethodes. Als geprinte
reserveonderdelen later in de levenscyclus van het product worden geintroduceerd,
wordt het ontwerpproces minder flexibel aangezien de ontwerper rekening moet
houden met een al bestaand product. Dit beperkt een ontwerper in het optimaliseren
van ontwerpbeslissingen of het verkennen van nieuwe werkstructuren. Hoewel geprinte
onderdelen nog steeds kunnen worden gebruikt voor bestaande producten, moet er in dat
geval meer rekening gehouden worden met de beperkingen van het ontwerp. Hierbij is het
belangrijk dat het ontwerp van het geprinte onderdeel zich richt op de beoogde functie in
plaats van op het nabootsen van het materiaal of de vorm. Dit is vooral belangrijk bij het
herontwerpen of repliceren van bestaande onderdelen. De meeste geprinte onderdelen
en materialen zullen anders presteren dan de originele onderdelen en materialen die
ze vervangen. Om het ontwerpen van geprinte reserveonderdelen te vergemakkelijken,
moeten ontwerpers zich richten op het maken van onderdelen die functioneel gelijkwaardig
zijn, in plaats van identiek. Door deze functionele gelijkwaardigheid prioriteit te geven via

het equivalent design proces, wordt de werklast van het ontwerpen verminderd terwijl er



genoeg flexibiliteit geboden wordt voor het optimaliseren van het ontwerp op basis van

de respectieve productiemogelijkheden.

Additive manufacturing is een veelbelovende methode voor het produceren van
reserveonderdelen. Hoewel het misschien geen systematische oplossing is voor alle
onderdelen en producten, kan het reserveonderdelen leveren lang nadat de initiéle
productie gestopt is en de levensduur van oude producten verlengen. Er is ruimte voor verder
onderzoek en ontwikkeling om ervoor te zorgen dat geprinte reserveonderdelen duurzaam,
haalbaar, en veilig zijn. Er kunnen meer duurzame ontwerpmethodes geintegreerd
worden in het ontwerpen van geprinte reserveonderdelen, en additive manufacturing
methodes kunnen verder ontwikkeld worden om zowel hun productiemogelijkheden als
duurzaamheidsimpact te verbeteren. Echter, aangezien additive manufacturing flexibel is
en zich snel ontwikkelt, zou het de ontbrekende schakel kunnen zijn om productreparaties

in de toekomst op lange termijn beschikbaar te maken.
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CHAPTER 1

Introduction




1.1 INTRODUCTION

Throughout its evolution, our industrial economy has hardly moved beyond the linear
consumption model of ‘take-make-use-waste’. Companies source materials, manufacture
their products and sell these to consumers, who then dispose of them after use (Ellen
MacArthur Foundation, 2013). This fast and linear consumption of products ultimately
results in large amounts of valuable resources being lost to landfills, and large amounts
of energy wasted in production and disposal (Dewberry et al., 2016). Keeping this linear
system in use is expected to nearly double our resource use from 2011 to 2060, further
increasing pressure on our global resources and the climate (Ellen MacArthur Foundation,
2021; IRP, 2019; OECD, 2019).

Alternative systems such as a circular economy are suggested to overcome the challenges
of the linear economy (Ellen MacArthur Foundation, 2013; Ghisellini et al., 2016; Terzioglu
& Wever, 2021). The circular economy has the potential to offer meaningful solutions to
waste and resource efficiency issues by narrowing and closing material loops (Bocken et
al., 2016). It proposes a restorative way of consumption where materials, products and

parts are kept longer in use and no waste is generated (Ellen MacArthur Foundation, 2013).

For the majority of products, it is environmentally desirable to extend the product lifetime
(van Nes & Cramer, 2006). By extending the product lifetime, we can slow or reduce the
flow of energy and materials and the related environmental degradation (Cooper, 1994;
Stahel, 1986). One of the most common reasons for buying a new digital product is the
breakdown of the old product (38%; Kantar, 2020), indicating that repair is an effective way
to prolong the lifespan of a large share of products (Laitala et al., 2020). Repair helps to slow
down the resource loops (Bocken et al., 2016), with the added benefit that the required
investments are lower than for other recovery options (Scott & Weaver, 2014). To improve
the consumers’ right to repair, the European Commission has revised its eco-design
measures to make repairs systematic, cost-efficient and attractive (Directive 2024/1799;
European Commission, 2019). These measures currently include only a limited range of
product groups, but additional regulations will extend this approach to a broader range of
products (European Commission, 2024).

The upscaling of repair to become more effective in addressing waste still faces significant
barriers (Svensson et al., 2018). Access to affordable and qualitative spare parts is one of
the main challenges for the independent repair sector (van der Velden et al., 2023). These
spare parts are normally held in stock by the manufacturer or third-party service provider
to fulfil warranties. This means consumers can only repair their products for a short period
of time and only through the service of the manufacturer (Hernandez & Miranda, 2020;

Zhang et al., 2021). However, it is difficult to predict how many spare parts are needed, and

14



storing them in warehouses can be costly (Odedairo, 2021; K. Yang & Niu, 2009). As a result,
spare parts may not be available when the production of the products ceases (Zhang et
al., 2021). To improve the availability of spare parts, the European eco-design regulations
specify the minimum period in which spare parts should be available for certain products
(Directive 2024/1799). For example, for washing machines, spare parts must be available
within 15 days for at least 10 years after the last market release (Commission Regulation
2019/2023). This obligation to deliver spare parts for up to 10 year after sales increases the

problem of stock keeping for manufacturers.

To make spare parts more generally available, they could be produced with additive
manufacturing. Additive Manufacturing (AM), or 3D printing, includes a range of technologies
that create parts by building them layer upon layer from virtual 3D models (Diegel et al., 2019).
As such, printed spare parts can be stored online instead of in a physical inventory (Péres
& Noyes, 2006; Zanoni et al,, 2019). This can reduce delivery time, costs, emissions, and
material waste (Attaran, 2017; Chekurov et al.,, 2018). Additionally, AM-enabled supply chains
allow local or in-situ production, which can reduce the need for additional transportation of
the part (Holmstrom & Gutowski, 2017). While printed spare parts could be used throughout
the product, it makes the most sense for product-specific parts. Standardised parts, such
as screws, bolts, and springs, are already mass-produced and readily available. Additionally,
these parts are often difficult or near-impossible to reproduce with additive manufacturing.
Product-specific parts, however, can only be used within their specific products. This
means they are not readily in stock from standardised production. These parts are mostly
plastic parts made with injection moulding, which could potentially be made with additive
manufacturing. As injection moulding is unsuitable for on-demand manufacturing (Karania

& Kazmer, 2007), these plastic parts would benefit the most from printed spare parts.

The question remains who should develop these printed spare parts, the consumer or the
manufacturer? The emergence of additive manufacturing allows consumers to control the
design and production of parts (Chekurov et al., 2018). This enables them to upgrade and
repair products, even if this was not considered in the original design (Sauerwein et al.,
2019). However, careful design adaptation and validation are required to ensure that the
parts meet the quality standards of the manufacturer (Despeisse et al., 2017; Gonzalez-
Varona et al., 2020). Other important considerations include legislation, liability, and
intellectual property rights of printed parts (Zijm et al., 2019). Another option is that the
manufacturer drives the development of printed spare parts. This allows manufacturers
to create spare parts that are specifically designed for additive manufacturing, which is
more desirable than creating an exact copy of the original part (Brans, 2013). To fully
optimise printed spare parts, the design modifications for additive manufacturing need to

be considered in the initial product design (Salmi & Pei, 2023).
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1.2 STATE OF THE ART AND RESEARCH GAPS

Broadly speaking, we distinguish two types of repair: self-repair and professional repair. Self-
repair involves consumers repairing products themselves, aided by online resources such
as YouTube or iFixit (Dewberry et al., 2016). This repair is facilitated by social communities
such as Repair Cafes, which provide increased access to repair expertise, further reducing
the effort and costs associated with repair (Bekin et al,, 2007; Scott & Weaver, 2014).
Professional repair is conducted by the manufacturer’s repair network or independent
repairers (Svensson et al., 2018). The manufacturer repair network consists of authorized
repair shops, or less commonly, the repair department of the manufacturer itself (Lloveras
et al., 2024). When authorized, repair shops follow the manufacturer’s regulations and use
licensed parts (Svensson et al., 2018). The professional repair by independent repairers
shows similarities to both self-repair and authorized repair. These independent repairers
need to balance a need for supplies and economic viability with competitiveness and
profitability (Svensson-Hoglund et al., 2021). Due to these similarities, this repair approach
is not considered separately in this dissertation. Whether a consumer chooses self-repair
or professional repair depends on various factors such as the warranty period, feasibility,

repair cost, and personal preferences (Svensson-Hoglund et al., 2021).

When and how a printed spare part is designed, depends on whether this is part of consumer
self-repair or manufacturer-enabled professional repair. These perspectives are referred to
as the consumer design perspective and manufacturer design perspective, respectively.
Both of these design perspectives have a different approach to the design process, as shown
in Figure 1.1. In consumer design, the printed spare part is designed by consumers as part of
the product repair. This allows consumers to produce the missing spare parts after the initial
production of the product has ceased (Zijm et al., 2019). In manufacturer design, the printed
spare part is designed by the original designer as part of the original product design. This
means the part design can be optimised or adapted to a specific printing method (Diegel
etal,, 2019). Also, compared to the consumer perspective, there is a wider range of printing
methods and materials (Eyers & Potter, 2017). By investigating both perspectives, we can

gain more insight into the possibilities and limitations of printed spare parts.

Manufacturer Consumer
Design 3DP Design 3DP
spare part spare part

Design Manufacture Use Product Repair
product product product breaks product

Figure 1.1. Product lifecycle with indications of in which phase the printed spare part is designed
for the different research perspectives.
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While consumer interest in repair is increasing (Scott & Weaver, 2014), there are still barriers
that discourage consumers from repairing broken products (Pérez-Belis et al., 2017). Most
importantly, a product must be technically repairable, meaning the product must be
designed for repair (Roskladka et al., 2022, 2023). However, poor design such as problematic
closures, glues, and welding leads to disassembly problems (Cooper & Salvia, 2018). A
repairer must also have sufficient skills to repair a product successfully. Issues here include
a lack of repair know-how and missing technical information about the product and its
spare parts (Dewberry et al., 2017). Legislation such as patent and copyright laws can hinder
access to the required tools or spare parts, especially for self-repair or unlicensed repair
(Svensson et al., 2018). And finally, a consumer must be willing to repair the product. This
decision is based on various factors, including the repair cost, initial price of the product,

and convenience of repair (Scott & Weaver, 2014).

In the manufacturing industry, additive manufacturing is increasingly used to replace end-
use parts (Salmi & Pei, 2023). This approach is mainly used to replace parts where the
original replacement parts are unavailable or difficult to come by, such as in off-shore or
military industries (Péres & Noyes, 2006). Exemplary case studies include replacing a legacy
diesel engine cylinder head (ExOne, 2025) or the production of obsolete ship parts (Ratcliffe,
2020). Besides replacement parts, additive manufacturing is commonly used for its unique
capabilities such as geometrical freedom. Notable examples here include the production
of lightweight structures for aerospace or automotive industries (Zijm et al., 2019), such as
ducting parts for Bell helicopters (Stratasys, 2019). The specific properties of printed parts
depend on the type of additive manufacturing. The most common methods are material
extrusion, powder bed fusion, and vat polymerisation, which typically provide the highest
part quality (Salmi & Pei, 2023).

In consumer products, printed spare parts are more uncommon. Some companies use
additive manufacturing to produce spare parts for consumer products, such as Whirlpool
(Spare Parts 3D, 2021) and Tefal (2022, 2025), although no specific parts are mentioned.
Alternatively, there are cases where consumers create the required spare parts themselves
and share the digital files via online platforms such as Thingiverse or MyMiniFactory
(Lorenzen & Paape, 2018). More often, additive manufacturing is used in consumer products
to create unique, customized parts with better reparability or upgradability, as well as to take
advantage of small-scale production benefits. Examples here include bespoke luminaires
(Signify, 2025), the plastic parts on the Original Prusa i3 3D printers (Prusa Research, 2025),
and 3D-printed headsets from print+ (2025) and head(@mame) (2025). Most of these brands,
except for Signify, also allow consumers to print the (spare) parts themselves or through
third-party printing providers.
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In most cases, the use of additive manufacturing for the production of spare parts was
not originally intended in the design of the product (Sauerwein et al., 2019). The design of
the part is optimized for the original mass-production method, which is often significantly
different from additive manufacturing (Salmi & Pei, 2023). It is complex to adapt the existing
part design for additive manufacturing due to the interdependence between design, process
and material selection (Despeisse et al., 2017). As a result, a large number of parts will
only be feasible for additive manufacturing after significant (re)design efforts (Frandsen
et al., 2020; Holmstrém & Gutowski, 2017). This could include optimizing the geometry
or adjusting the material (Chaudhuri et al., 2020; Westerweel et al., 2018). However, it is
difficult to generalize design rules for additive manufacturing over different products and
printing methods (Westerweel et al,, 2018; L. Yang et al., 2017). Considerable skill is required
to determine how part function and geometry are linked, so the question is how we can
support the design process (Ganter et al., 2021). There are numerous design frameworks on
additive manufacturing (Haruna & Jiang, 2020; Leary, 2020; Vaneker et al., 2020; Wiberg et
al., 2019), but these have not been created with spare parts in mind. Instead, we need a new
design approach that bridges the differences between the two manufacturing methods.

1.3 RESEARCH AIM

In this dissertation, we explore how additive manufacturing can be used to produce plastic
spare parts for the repair of consumer products. As most parts are currently unsuitable
for additive manufacturing, the design of these printed spare parts needs to be aligned
with the capabilities of the technology. This requires a better understanding of the design
considerations that are involved. We need to find what design aspects are suitable for the
use of additive manufacturing and which are more difficult. This will help us to determine
the design complexity and what the biggest design challenges will be. Also, we investigate
how to design parts that facilitate the use of additive manufacturing. Since parts can be
designed by either the consumer or the manufacturer, it is important to distinguish between
design in consumer self-repair and in manufacturer-enabled professional repair. These
design perspectives were explicitly included in our research. For example, we introduce
the 3D-printing for Repair (3DPfR) process, which is focused on consumers. By identifying
the possibilities and limitations of additive manufacturing compared to conventional
manufacturing and adjusting the design accordingly, we can determine how spare parts can
be produced with additive manufacturing. This led us to the following two main research

questions for this dissertation:
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RQ1.

RQ2.

What design aspects of plastic spare parts in consumer products
determine whether or not they are suitable for additive manufacturing?
How should we design plastic parts to make them more suitable for
additive manufacturing of spare parts?

Main research question 1 is addressed in Chapter 2, Chapter 4 and Chapter 5, where the

following sub-questions are answered:

RQ1.1.

RQ1.2.

RQ1.3.

How can we evaluate the printability of product parts based on part
requirements? (Chapter 4)

What repairs within repair communities can be met through 3D-printing
spare parts? (Chapter 2)

Which design requirements drive the design for both injection moulding

and additive manufacturing? (Chapter 5)

Main research question 2 is addressed in Chapter 3, Chapter 5 and Chapter 6, where the

following sub-questions are answered:

RQ2.1.

RQ2.2.

RQ2.3.

RQ2.4.

How can the 3DPfR process that leads to a successful repair be described?
(Chapter 3)

What is the influence of previous experience, process implementation,
and part complexity on the overall success of the 3DPfR process?
(Chapter 3)

How can these design requirements be used to facilitate the design of
3D-printed spare parts? (Chapter 5)

How can a designer enable in the early stages of the design process that
the injection-moulded original part and 3D-printed spare parts will be
functionally equivalent? (Chapter 6)

Table 1.1 shows how the sub-questions relate to the main questions and consumer and

manufacturer design perspectives.
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Table 1.1. The sub-questions of each chapter in relation to the main research questions and design
perspectives.

Consumer perspective Manufacturer perspective

RQ1.1. How can we evaluate the printability of product parts based on
part requirements? (Chapter 4)

RQ1.
Suitable aspects  RQ1.2. What repairs within RQ1.3. Which design .
for additive . o requirements drive the design
. repair communities can be met for both iniection mouldin
manufacturing through 3D-printing spare parts? ! X 97
(Chapter 2) and additive manufacturing?
(Chapter 5)
RQ2.1. How can the 3DPfR RQ2.3. How can these design
process that leads to a requirements be used to facilitate
successful repair be described? the design of 3D-printed spare
(Chapter 3) parts? (Chapter 5)
RQ2. )
Designing RQ2.2. What i the influence of RQ2.4. How can a designer
rinted spare . . enable in the early stages of
P P previous experience, process the desian process that the
parts implementation, and part gnp

injection-moulded original part
and 3D-printed spare parts

will be functionally equivalent?
(Chapter 6)

complexity on the overall
success of the 3DPfR process?
(Chapter 3)

1.4 RESEARCH OUTLINE

To investigate the relation between design and part printability, we used both qualitative and
quantitative studies. Overall, a mixed-method approach was used, based on literature review

and case studies. Below is a summary of the research approach for each sub-question.

Chapter 2 described an initial exploration of the demand for printed spare parts in repair
communities, and what product and repair types would be the most suitable for such parts.
To find what repairs in repair communities can be met through 3D-printing spare parts
(RQ1.2), we counted the most common products brought in for repair and coded whether

these repairs would be solvable with printed spare parts.

These insights are used in Chapter 3 to establish a framework on how to integrate printed
spare parts into consumer self-repair and to find what process factors are relevant for a
successful repair. To find how the 3DPfR process that leads to a successful repair can be
described (RQ2.1), we performed a literature review and experimental case study to find
the most common process steps. To find the influence of previous experience, process
implementation, and part complexity on the overall success of the 3DPfR process, we
collected data during a practicum where participants ran through one iteration of the

process.
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Chapter 4 applies the framework and findings to a case study and makes a first exploration
of what design requirements can be used to predict the suitability of product parts for
additive manufacturing. To find how we can evaluate the printability of product parts based
on part requirements (RQ1.1), we constructed a list of part requirements and performed a
theoretical assessment of all the parts in a vacuum cleaner. This assessment was validated

through printing and testing some of these parts.

This list of design requirements is further refined in Chapter 5, which also compares
the manufacturing capabilities of injection moulding and additive manufacturing on an
industrial level. To find which design requirements drive the design for both injection
moulding and additive manufacturing (RQ1.3), we used literature review to identify which
design requirements are relevant and to assess the capabilities of injection moulding and
additive manufacturing for these requirements. To find how these design requirements
can be used to facilitate the design of 3D-printed spare parts (RQ2.3), we performed an
illustrative case to show how the results can indicate the suitability of a part for additive
manufacturing.

Chapter 6 uses the insights of the previous chapters to construct a new design approach
for manufacturers to enable the use of printed spare parts in the original design of the
part. To find how a designer can ensure early in the design process that the injection-
moulded original part and 3D-printed spare parts will be functionally equivalent (RQ2.4),
we combined insights from literature and previous research to explore what a possible
design process could look like. We linked our results to earlier insights to create two tools
to support the design process and performed two case examples to illustrate and evaluate
the results.

Finally, Chapter 7 discusses the findings and conclusions of this research.

This dissertation is founded on a series of scientific publications. The footnote at the
beginning of each chapter mentions the original reference, including all the authors that
were involved. To adapt the publications into the chapters of this dissertation, the layout,
chapter numbers, and section numbers have been adjusted, and some of the reference
styles and headings have been changed for consistency. No changes have been made to
the contents of each chapter. In Chapter 2, | made a comparable contribution to research
and writing as the first author. For Chapters 3-6, | was the main author and researcher.
This meant | was responsible for most of the research, including conceptualisation, data
collection and curation, and writing and editing the main body of text.
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ABSTRACT

The Sharepair project aims to decrease the waste of electronic and electric consumer
products and increase their useful life, by supporting repair communities and scaling up
citizen repairs through digital tools. One of the focus areas of this project is to support the
discovery or manufacturing of spare parts. With a 3D CAD model of a part and a 3D printer,
repair communities could manufacture spare parts. This paper discusses the possibilities
of identifying repairs, within repair communities, that can be met through 3D printed spare
parts. To understand and identify these possibilities, the repair entries expressed in the Open
Repair Database (ORD) from the Open Repair Alliance were examined. The analysis aimed
to identify documented examples of repairs that have broken or missing parts, and estimate
how many may be suitable for replacement by 3D printed versions. The ORD includes
41,874 repair data entries from 229 repair communities (Repair Café, Restart Project, Fixit
Clinic, and Anstiftung) in eighteen countries. Repair entries include information such as
product category, brand, model, repair status and notes regarding the repair process and

result, all in different languages.

The analysis identified a list of the most commonly repaired product categories, brands, and
models, as well as an estimate that between 7.5% and 29% of products in repair cafes that are
not repaired today could be repaired with 3D printed spare parts. The analysis also showed
that the data and information about the repairs is inconsistent, open to interpretation and
often too limited to precisely pinpoint opportunities for 3D printed spare parts. Specifying
the product parts that need repair or replacement and their functional requirements would
be key to a successful identification. Thus, the study proposes recommendations to improve
the process of capturing repair information that specifies the repair needs that can be met
by the use of 3D printing.



2.1 INTRODUCTION

The Sharepair project aims to decrease the waste of electronic and electric equipment
(WEEE) and to increase their useful life, by supporting repair communities and scaling up
citizen repairs through digital tools. WEEE is a rapidly growing waste stream, partly because
advances in technology have contributed to shorter product lifetimes (Cole, Cooper &
Gnanapragasam, 2017). The most logical approach to closing the loop on product use and
extending the product’s life is simply to repair the product. However, while the concept of
repair seems simple, it is seldom practiced (King et al.,, 2006). Consumer interest in repair
is increasing (Scott & Weaver, 2014), but there are still barriers that discourage consumers
from repairing broken products (Pérez-Belis et al., 2017). In a survey among self-repairers,
Sabbaghi et al. (2016) found the main reasons for an unsuccessful product repair were the
complicated repair process (26%), expensive spare parts (17%) and spare parts unavailability
(16%). Lack of spare parts is the most mentioned reason for unsuccessful repairs in repair

cafes across the world (Repair Café International Foundation, 2020).

Producing spare parts on demand would be expensive using traditional manufacturing,
which makes additive manufacturing (AM) more attractive. 3D CAD files of spare parts
can easily be shared, today, however, access to such files is limited (Ford, Despeisse &
Viljakainen, 2015). Sharepair wants to provide digital resources so repairers can produce
spare parts with AM. To provide such resources, the necessary parts and the products they
belong to should first be identified. The focus of this paper is to identify the repairs within
repair communities that can be met through 3D printing spare parts.
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2.2 METHOD

Estimating the demand for 3D printed spare parts, and what products would be the best
candidates for such parts, was determined by combining quantitative and qualitative
analysis. The best candidates for 3D printable parts were determined by counting the
most common products brought in for repair, and whether the repairs would be solvable

with 3D printed spare parts.

All data was gathered from the Open Repair Database (ORD) of March 2020 (v0.1). The
database contained the following fields: Data “ID" (e.g., repaircafe_2163), "Data provider”
(e.g., Fixit Clinic), "Country”, “Product category” (e.g., Mobile), “Product brand” (e.g., Apple),
"Product model” (e.g., iPhone 6S), "Year of manufacture”, "Repair status” (fixed / repairable
/ end of life / unknown), “Repair date”, "Group Identifier” (e.g., 5073) and "Problem" (any
other notes on the repair process and result). Figure 2.1 illustrates the data entry process for
Repair Café’s in the Netherlands, however other communities may have different processes.
The ORD included 41,873 repair entries in six languages (English, French, Dutch, German,
Spanish and lItalian) from Open Repair Alliance communities in 18 different countries,
documented from June 2012 to March 2020. Countries represented were Netherlands
(43.4%), Great Britain (26.8%), Germany (11.2%), Canada (3.2%), Italy (3.1%), Belgium (3%), USA
(2.2%), Norway (1.9%), Argentina (1.5%), Sweden (0.9%), France (0.5%), Spain (0.5%), Australia
(0.4%), Hong-Kong (0.4%), Ireland (0.4%), Israel (0.2%), Tunisia (0.2%) and Switzerland (0%).
All database entries were translated into English using Google Translate.

The "Repair status” field was a key entry, because 3D printed spare parts are only needed
for products which are either "Repairable”, "End of life” (see Table 2.1). "Unknown" entries
could either be fixed, repairable, or end of life, and thus was not used for analysis.

The most common product categories, brands and models were determined by counting
the “Product category”, "Product brand” and “Product model” fields. Both "Product
category” and “Product model” needed refinement before further analysis. The “Product
category” field needed recategorization to align with the newest ORDS (v0.2) updated in
January 2021, which is closely aligned with the EU directive on WEEE product categorization
(Open Repair Data Standard, 2021; EU Directive, 2012).

For example, the “Small kitchen item” product category included both coffee makers and
food processors, which have their own categories, causing redundancy. The “Product
model” field contained mostly incorrect entries (most users entered the product category
in this field instead of the model), so its data was refined before analysis by separating
mislabeled entries from correctly labelled entries. The “Product brand” field did not require

further analysis steps as it was generally filled out correctly or left blank.
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Table 2.1. Repair Status definition (Retrieved from Open Repair Data Standard, 2021).

Repair Status Description

If the repairer and owner were satisfied that the item can continue to be

Fixed used.

If the repairer and owner didn't complete a repair, but identified what

“Repairable” reasonable additional steps or professional help is heeded for successful
repair.
“Unknown” An empty or zero value recorded.

If the repairer and the owner decided that it is not cost-effective or realistic

End of life to repair the device.

There was no data available on spare parts. The closest data available could be found in
the “"Problem” field, which included open comments about the repair and why it was (not)
successful. Therefore, the 3D-printable spare-parts potential was estimated by qualitative
analysis of the "Problem” field entries. Because of the extensiveness of data in this field for
the complete database, we used a representative subset of 1,463 repair entries constructed
by selecting 5 entries per product category per year between 2012-2020. For product
categories with less than 5 entries, all entries were selected. The data was not filtered
by repair community, country, product model or product brand, as these varied too
widely in the number of entries. The sub-selection does not perfectly mirror repair event

demographics, but it was a close enough approximation.

Within the qualitative analysis the 1,463 entries were categorized in 5 repair types: (i)
mechanical, (ii) electromechanical, (iii) electrical, (iv) software, and (v) unknown. Electrical,
software and unknown entries were per definition unsuitable for the purpose of this
research. Mechanical and electromechanical entries were further coded on their estimated
3D printability using the following categorical division: high certainty, plausible, unlikely
and unknown. The categories were counted to provide quantitative estimates of repairs
that might be fixed using 3D printed spare parts.

The minimum and maximum of the repair type estimates were determined by taking the
outer ends of the error bars. The 3D-printability error bars overlap, so to prevent double
counting, the minimum was determined by taking the low end of the high-certainty error-
bars, and the maximum by taking the absolute number of high certainty and the high end
of the error bar for plausible. The estimate for the whole database (represented by the
qualitative subset) was made by multiplying the repair type and 3D printability percentages.
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2.3 RESULTS

Figure 2.2 shows the number of repair entries and their status from 2012 to March 2020
(OpenRepairData V0.1, 2020). In this period, 41,873 repair entries were documented in the
ORD from 229 repair communities (Repair Cafe, Restart Project, Fixit Clinic and Anstiftung).
Of all 41,873 repair entries, 53% were “Fixed", 21% “Repairable”, 18% "Unknown” and 8% “"End
of life”. The yearly rate of "Fixed” and "Repairable” repairs largely remained stable over time,
“Unknown” percentages increased slightly, and "End of life” percentages decreased slightly.

2.3.1 Product Category

Recategorization of the ORD gave 40 product categories (see Figure 2.3). The category
“Small kitchen items” was by far the most often recorded entry, with 13.8% of the database
total, while the average product category was 2.5% of the total. Within the “Small kitchen
item” category, 51.4% of the entries were "Fixed", 15.4% "Repairable”, 27.2% “Unknown”,
and 5.9% "End of life". Other common product categories were “Laptop”’, “Lamp”, “"Hi-Fi
separates”’, and “Vacuum” with relatively substantial “Fixed” and “Repairable” entries. The
product categories with the highest percentage “Fixed” entries were “Sewing machine”,
“Lamp”, "Paper shredder”, “Hair dryer”, and “Toy".
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Figure 2.2. Number of repair entries brought in between 2012 - 2020 and their respective repair
status.
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Figure 2.3. Number of entries in each product category, and their repair status (listed as

percentages), sorted by total entry numbers.
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Figure 2.4. Number of entries for each product brand with over 100 repair entries, and their repair
status, sorted by total entry numbers.

The product categories with the lowest percentage “Fixed” entries were “Flat screen”,
“Digital compact camera”, and "DSLR/video camera“. Product categories with the highest

“Repairable” percentage were "Games console”, “Flat screen”, “Tablet’, and “Mobile”, and

the lowest were “Kettle”, “"Hair dryer” and “Paper shredder.
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2.3.2 Product Brands

39% of database repair entries had unlabeled product brand names, of which 55% were
“Fixed”, 20% "Repairable”, 12% "Unknown’, and 13% “"End of Life". Within the correctly labelled
product brands, 3,234 unique brands were identified. "Philips” was most often recorded,
and other common brands recorded were “Apple” “Sony”, “Samsung”, and “Bosch” (see
Figure 2.4). Brands with the highest "Fixed” percentages were "Pfaff’, “Singer”, “Miele", and
“Moulinex”, and the lowest were “Samsung”, “LG", and “Canon”. Brands with the highest
“Repairable” percentages were "Dell”, "Asus’, and “Samsung” and the lowest were “Tornado”,

“Silver Crest”, “Miele” and "Princess”.

2.3.3  Product Models

72% of the total repair entries in the ORD had unlabeled product models; 28% were
either correctly labelled or mislabeled. Of the entries with product model labels, 90%
were mislabeled as product types (e.g., laptop), serial numbers, or only product model
numbers. Only 10% with labels were correctly labelled (3% of total entries). Figure 2.5
shows the most often listed (top 10) correctly labelled product models; nine of the ten were
models of iPhones. Not shown in the figure, the correctly labelled product models with
the highest “Repairable” percentages were “iPad 2", “iPhone 7 Plus”, “MacBook Air 13-inch
2015" and "iPhone 8". The lowest percentage “Repairable” were “iPhone 5C", Senseo HD
7840, "Senseo HD7825", and "Galaxy 2".

Similarly, Figure 2.6 shows the most often listed (top 10) mislabeled product models, starting
with “Laptop”, “Sewing machine”, “Vacuum cleaner”, “CD player”, and “Coffee machine”.
Mislabeled product models with the highest “Fixed” percentages were “MacBook Pro 2012"
and "Bike light”, and the lowest were “iPod” and "Amplifier”. Mislabeled product models with
the highest “Repairable” percentages were “Kindle”, “Galaxy” and “iPhone”, and the lowest

were “Coffee machine”, “CD Player”, “Radio” and “Lamp”.

2.3.4  Repairs addressable by 3D printing

To estimate to what extent repairs could be met by 3D printed spare parts (plastic desktop
3D printing), a qualitative analysis of 1,463 “Repairable” entries was used. Figure 2.7
shows that of the 1,463 entries, 30% were electrical, 21% were mechanical, 14% were
electromechanical and 5% were software related repair types. Thus, a total of 35% of
the repair types categorically could be addressed by plastic desktop 3D printing. That is,

mechanical or (possible) electro-mechanical repair types.
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Figure 2.5. Number of entries for the most often listed correctly labelled product models, and
their repair status, sorted by total entry numbers.
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Figure 2.6. Number of entries for the most often listed mislabeled product models, and their repair
status, sorted by total entry numbers.
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Figure 2.7. Different repair types within the selected data. Error bars are 95% binomial confidence
intervals.

Likewise, Figure 2.8 shows the 3D printability for the mechanical and electromechanical
repairs, of which 34% to 80% of mechanical repairs and 9% to 66% of electromechanical
repairs might be able to be repaired with 3D printed spare parts. For the whole qualitative
dataset, this would be between 7.5% - 29 %.
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Figure 2.8. Different levels of assessed 3D printability within the selected data. Error bars are 95%
binomial confidence intervals.

37



2.4 DISCUSSION
24.1 Product category/ model/ brand

The best product category for 3D printed spare parts is likely “Small kitchen item”, since it was
by far the largest, and contained a large percentage of mechanical repairs that could arguably
be repaired with 3D printed spare parts. However, this category contained a great diversity of

products, and thus a great diversity of parts that would need to be 3D modeled and tested.

Several brands, including Philips, Apple, Sony, and Samsung, had high numbers of repair
entries. Notably, Apple, Sony, and Samsung also had high percentages of entries labelled as
“Repairable”, but with many of their products being primarily electronic and the possibilities
of being fixed by 3D printed spare parts are limited. Similarly, the product models which
were correctly labelled were almost all smartphones, so this did not help find targets for
3D printed parts.

The most-mentioned product categories and information on product models and brands
are currently insufficient to plan the generation of 3D printed spare part libraries. The
current categorization lacks distinctness or allows for a large number of mislabeled entries
(e.g., the ambiguity of the “Miscellaneous” category, “Small kitchen item” being a separate
category from "Toaster” and “Kettle"). To improve this, we recommend using the European
Directive WEEE categorization (Directive 2012/19/EU), as a guide to reframe the "Product
category” entry, since it provides more granularity. In addition, we recommend providing
examples of product models, to avoid the currently rampant mislabeling.

2.4.2 Repair Status

“Fixed" products are unlikely to need 3D printed spare parts, so most opportunities for repair
with 3D printing were estimated to be in entries labelled as “Repairable”. There are potential
opportunities in the “Unknown” and “End of life” categories, but these have insufficient data
to conclude. This “Repair Status” data could be clarified by asking what would be needed
to finish a repair marked as “Repairable”. We recommend request further information to
justify the selected label, specifically when it is labelled as “Repairable” (E.g., spare part is
necessary; Figure 2.9).

2.4.3 3D Printability

Between 7.5% to 29% of all recorded repairs from these repair communities might be
helped by 3D printed spare parts, when counting “highly likely” and “plausible” entries within
those labelled as “repairable” with “mechanical’, and “electromechanical” repairs. These
percentages are an initial estimate of 3D printability, but this also depends on the functional
and performance requirements of each part. Further analysis is required to consider the

specifics of each component. This information is not currently available in the ORD.
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PROPOSED REPAIR REGISTRATION DATA ENTRY PROCESS

STEP 1: Product Context

Product Category

Product
E.g., Coffee Maker

‘ Other ‘ ‘

Other ‘

|
|
|
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|
|
!
!
!
. E.g., Kitchen appliance
!
I
!
|
|
|
|
|
|

STEP 2: Fault Diagnosis

Product Model
E.g., Senseo Original
HD6553/70

Product Brand
E.g., Philips

— Product performs poorly.

responding to commands.

— Product shows signals that are
not normal to its function.

— Product shows messages or
warnings of error.

— Product works intermittently.

— Other

i
|
I
I
I
I
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I
I
I
I
I
I
I
I
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| = Product is not
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STEP 3: Outcome

Symptom Cause of Problem Repair Solution
E.g., Product does E.g., Power E.g., Part replacement
not turn on switch is broken
Select from: Select from:

[~ Part replacement.
— Part repair.

— Replacement of connector or
fastener (screw, glue, sewing)
— Maintenance (cleaning)

[~ Maintenance (adjustment,
tightening, oiling, etc.).

— No solution found.

- Other

Repaired and
product functions
again

Repair Status

Not Repaired

Repairable

End of life

Unknown

Select from:

— Lack of experience, tools or
repair information to
complete repair.

— Assessment/repair will be
completed in the next session.

(— Spare parts are too expen-

{— Spare parts not available at
Repair cafe.

“— Spare parts does not exist.

\—- Product is worn out.

Which part?

» Cannot identify
cause of problem.

Figure 2.9. Proposed repair registration data entry process. Categorization of symptoms based

on Pozo et al,, 2020.
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2.4.4 ORD Limitations

Entries within the ORD were often mislabeled or incomplete, in many cases due to
vagueness of the entry fields, as mentioned above. In addition, a large part of the repair
data was entered in multiple languages in open comments, without pre-categorization. In
consequence, considerable data processing and interpretation are required to analyze it,
leading to information getting lost in translation and inconsistent data sets. Table 2.2 shows
examples of “Problem” field comments which lacked detail or included information that

should have been entered in other fields.

Table 2.2. Example of comments in the “Problem” field in the ORD.

Fixed Repairable

“Bolt does not work” “Failure”

“cut” "Clogged element”

"HVAC 1.1kg" "Yes ~ Does not”

"Changed capacitor” “Valve is broken”

“Broken riser pipe break” "PCB Board faulty ~ Not charging the fence”
Unknown End of Life

“Unknown ~ Do nothing” "Coffee machine leaks”

“Makes too much noise” “Engine broken”

“Stops halfway” "Heating defective”

“Broken water filter- does not filter” “Fell out ON-OFF button”
“Clutch/drive connection failed” “Blenders - power broken button”

We estimate these limitations arise mainly from the repair registration form and data entry
process; which asks an extensive number of open questions that do not correspond to the
database, is filled in by more than one individual per entry, and is recorded using a paper
form which is later manually digitized (Figure 2.1).

We recommend the following for the streamlining of the entry process and to facilitate
the identification for the need of 3D printed spare parts: switching the entry process into
a directly digital format, limiting the number of people entering information to only the
volunteer repairer, requesting only relevant information in the form of closed questions
with pre categorized fields, and allowing the specification of spare part requirements within
the "Repair Status” field. (See Figure 2.9) We also recommend testing and validating the
recommended process with users in repair communities. Such revisions of ORD data entry
would not only help expose opportunities for 3D printing in repair, but would also help

expose opportunities to improve the repairability of products in many other ways.
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2.5 CONCLUSION

The goal of this paper was to find opportunities for 3D printing of spare parts for repair
communities by analyzing repair needs in the Open Repair Database from the Open Repair
Alliance. The objectives were to estimate how many repairs 3D printing could address,

and what kinds of products should be targeted for creating libraries of 3D printable parts.

To answer the first question, qualitative coding of repair problems showed 7.5% - 29% of
non-repaired items in repair cafés might benefit from 3D printed spare parts. Suitable repairs
were mainly estimated to be mechanical, so mechanical parts of kitchen appliances would
be the priority when constructing a library of downloadable 3D CAD files of spare parts.

To answer the second question, quantitative analysis showed “Small kitchen item”, “Laptop”,
and "Lamp” were the most common product categories. “Small kitchen item” had many
“Repairable” and many mechanical repair entries, which made it a promising target for 3D
printed spare parts. Product model data was too often mislabeled to be trustworthy, and the
most common correctly labeled product models were electronic, thus unlikely candidates
for 3D printed spare parts. Common brands included Philips, Apple, and Sony, but their
products were also mainly electronic. Therefore, specific product models or brands were
not useful to target.

This study’s effectiveness was limited by significant amounts of incomplete or incorrect
data. Many entries had unidentifiable product models and/or brands, and most product
models were incorrectly labelled as either a product sub-category, serial number, or just
product model number. Information on product fault and spare part use was also limited,
which made it difficult to conclude if parts could be printable. To better estimate possibilities
for 3D-printing for repair in the future, and provide other insights into product repairability,
we recommend improving the data entry process. This can be done by streamlining the
data entry process and minimizing the number of open questions.

Repair is one of many ways to create a more sustainable world with longer-lasting products.

Although 3D-printing cannot solve all repair problems, by further testing and developing

3D-printing for Repair, we can make a positive impact by saving product lives.
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ABSTRACT

The availability and storage of spare parts are the main barriers to product repair. One
possibility would be to 3D print spare parts, which would also enable the repair of products
not intended to be repaired. Besides manufacturers, 3D printing spare parts is an interesting
option for self-repair by consumers. However, the digitisation of spare parts for 3D printing
is a challenge. There is little guidance on how to make a 3D-printed version of the original
part. This paper establishes a framework through a literature review and experimental study
to describe how to use 3D printing to produce spare parts for repair. Additionally, qualitative
data coding was used to find the influence of previous experience, process implementation,
and part complexity on the overall success of the 3D printing for repair (3DPfR) process.
Our study showed that the 3DPfR process can be described as an iterative design for an
additive manufacturing process that is integrated into a repair process. Additionally, it was
found that the incorrect implementation of process steps was the most important predictor
of the repair result. The steps that were performed incorrectly the most were synthesising
design concepts (64%) and validating print quality (also 64%).



3.1 INTRODUCTION

Repair is an essential step in “slowing the flow" of products in a circular economy (Cooper,
2020). To promote reparability for ordinary consumers, the European Commission has
implemented the first acts to ensure the availability of spare parts for consumer products
such as dishwashers and fridges for a longer time period (Sajn, 2022). Increasing the
availability of spare parts means that original equipment manufacturers (OEMs) need to find
cost-effective ways to store spare parts for older products (Svensson-Hoglund et al., 2021).
Instead of storage, an alternative solution would be to make the spare parts on demand:
for example, through additive manufacturing (Péres & Noyes, 2006; Sasson & Johnson,
2016). Three-dimensional printing enables the continued availability of these parts long after
storage becomes impractical (Kim et al.,, 2019), so, potentially, a manufacturer could support
products indefinitely (Holmstrom & Gutowski, 2017). Additionally, 3D-printed spare parts
could reduce repair times, labour costs, storage costs, material use, and transportation. In a
study by Chekurov et al. (Chekurov et al., 2018), OEM participants estimated that between 2%
and 75% of their companies’ spare part libraries could be acceptably manufactured with 3D
printing, with most answers between 5% and 10%. More parts can be expected to become
feasible in the future with the rapid advance of 3D printing (Chekurov & Salmi, 2017).

Current research mainly focuses on 3D printing spare parts by OEMs in industries such
as aerospace, automotive, and machine tool production (Attaran, 2017). Topics include
supply chain benefits and configuration, economic benefits, and sustainability benefits
(Kunovjanek et al.,, 2020). Other studies focus on the classification and selection of suitable
spare parts (Chaudhuri et al.,, 2020). Three-dimensional printing is good at producing
complex geometry with high design flexibility and customisation (Ngo et al., 2018). A part
can be tailored to its function with an optimal balance between strength and material
use (Zijm et al., 2019), which means the part can be improved compared to its original
design (S. Yang et al., 2015). Additionally, it gives the opportunity to modify and update the
parts after the initial production has ceased (Attaran, 2017; Holmstrém & Gutowski, 2017;

Sauerwein et al., 2018).

Besides OEMs, 3D printing spare parts is also an interesting option for self-repair by
consumers. Consumer interest in repair is increasing (Scott & Weaver, 2014), but barriers
to successful self-repair are the complicated repair process, expensive spare parts, and
spare part unavailability (Sabbaghi et al., 2016). The 3D printing of spare parts would enable
repair where it normally is not intended by the manufacturer (Sauerwein et al., 2019). A
study of the Open Repair Database (ORD) showed that 7.5-29% of non-repaired items in
repair cafés could benefit from 3D-printed spare parts (Samenjo et al., 2021). If OEMs do
not provide the needed spare parts, customers might reverse-engineer the parts they need

and share their instructions online (Kietzmann et al., 2015).
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However, the digitisation of spare parts for 3D printing is a challenge for both OEMs and
consumers. Missing or insufficient availability of part data and 3D models can be significant
obstacles in the digitisation process (Chaudhuri et al., 2020; Chekurov et al., 2018; Knofius et
al., 2016). There is also a large number of spare parts that will only be feasible for 3D printing
after significant redesign efforts (Frandsen et al.,, 2020; Holmstrom & Gutowski, 2017), such
as geometry or material optimisation (Chaudhuri et al., 2020; Westerweel et al., 2018). As
part properties are often dependent on the geometrical design, design rules for 3D printing
are not easily generalised over different products and printing methods (Westerweel et
al., 2018; L. Yang et al., 2017). Instead, considerable skill is required to determine how part
function and geometry are linked, so the question is how to support design engineers in
the redesign process (Ganter et al., 2021).

Specific guidance on redesigning existing parts for 3D printing is limited. There are
numerous frameworks on design for additive manufacturing, such as Haruna & Jiang
(2020), Leary (2020), Vaneker et al. (2020), and Wiberg et al. (2019). However, none of these
frameworks has been constructed with the repair of existing (spare) parts in mind. There are
studies focused more specifically on using 3D printing in repair, such as Kim et al. (2019),
Lindemann et al. (2015), Park (2015), and Terzioglu et al. (2016). The framework by Kim et
al. (2019) describes the partial repair of parts by comparing the damaged part against the
whole parts and printing the difference. However, this assumes that a digital design of the
file is already available. The methodology by Lindemann et al. (2015) does offer support
for redesigning an existing part for printing but represents the process as a black box. This
makes it difficult to retrieve insights for process guidance. Park (2015) and Terzioglu et al.
(2016) present several consumer products repaired with 3D-printed parts in the context
of consumer self-repair. However, these two studies mainly present the final results and
not the process of developing the parts. Outside of the scientific literature, there are a few
guides that describe the process of 3D printing a spare part by consumers, such as the work
by Lorenzen & Paape (2018) and the master thesis by Beerkens (2017a).

More insight into the process of 3D printing for repair (3DPfR) is needed to understand what
the possibilities and challenges are. A framework needs to be developed that describes the
steps of translating an existing part into a 3D-printed replacement part. Thus, the research

questions of this paper are:
RQ 1. How can the 3DPfR process that leads to a successful repair be described?

RQ 2. What is the influence of previous experience, process implementation,
and part complexity on the overall success of the 3DPfR process?

48



To address the first RQ, we developed a framework through a literature review and
experimental case study. This framework was applied empirically with a group of students
to test its effectiveness, and the results were analysed to find how experience, process
factors, and part complexity influenced the overall repair success.

3.2 METHOD
3.21 Establishing a Framework for 3DPfR

The 3D printing for repair (3DPfR) process was formalised by setting up a framework based
on a literature review and experimental study. The first selection of process steps was made
by reviewing the “grey” literature and then verifying and expanding this through scientific
literature from similar fields. Then, an in-depth experimental design study was performed
to validate and refine the framework. This was an iterative process, and the results are not

presented in chronological order.

The scientific literature review used frameworks on product design, design for additive
manufacturing, and repair in design. These were deemed the closest fields, and the 3DPfR
process requires them all to overlap. The literature frameworks were found in Science Direct
using search strings that combined field-relevant keywords with “framework”. For example,
“product repair AND framework” or “design for added manufacturing AND framework”. Only
recent (2015 and later) and fundamental works were considered. The papers were scanned
for frameworks, and papers without a framework were discarded.

The found frameworks were filtered based on their content and size (humber of steps). The
frameworks selected were aimed at explaining the process and describing the activities.
This ruled out frameworks aimed at, for example, stakeholder mapping or data processing
but included design frameworks and schematic representations. Additionally, the selected
frameworks were 15 steps or fewer to make sure the frameworks were not too detailed but
instead general enough to be applied to our topic. The final selection of frameworks was

limited to two frameworks per field.

The framework steps were presented as flowcharts beside each other to visualise framework
similarities and differences. Frameworks were unaltered, but some steps were rephrased
to highlight corresponding steps. The process descriptions and case studies in each paper
were studied to gain additional process insights. A first selection of 3DPfR process steps
was then made by selecting relevant steps from the reviewed frameworks and omitting
steps not relevant to 3DPfR. When formulating the 3DPfR process steps, care was taken

to avoid FDM-specific steps or details and rather translate all considerations to principles
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that would be as universal as possible across print technologies for repairing household

consumer products. They may be generalised to other fields as well.

A small experimental case study was used to verify the literature review and to locate
possible gaps in earlier works. Two researchers independently created 3D-printed
replacement parts for two repair cases and documented their process steps. The repairs
were carried out with an Ultimaker 5+ fused deposition modelling (FDM) printer (Ultimaker,
Zaltbommel, The Netherlands) using standard polylactic acid (PLA) filament. Additionally,
the number of iterations, time spent, repair results, and design changes for each case were
tracked. These insights were used to structure the research focus of RQ2.

Afterwards, the documented process steps were compared to the selected 3DPfR process
steps. The selected steps were extended and restructured accordingly and grouped into
sections. These sections of steps were further developed for cohesiveness and clarity. This

resulted in a draft of the framework that could be tested with users in RQ2.

The selection criteria that were used to select the experimental study cases were (a) it
concerned a common electronic consumer product, (b) it had a broken part, and (c) it was
a mechanical repair (e.g., no electronic components). The selected repairs were a water
kettle of an unknown brand with a broken switch and broken locking mechanism and a
Microsoft Surface keyboard with a broken key. The kettle was estimated as feasible, whereas
the keyboard was estimated as likely to fail. The intended failure was used to test the limits of

3DPfR and to find process steps that might only be required for more complex repair cases.

3.2.2 Identifying Factors for Successful Repair

To measure the impact of previous experience, process implementation, and part
complexity, we collected data during a practicum on 3DPfR. This three-day online
practicum was based on the constructed 3DPfR framework. The participants were 48
3rd-year bachelor students from various studies following the TU Delft minor “Designing
Sustainable Transition”. The workshop requested participants to run through one iteration
cycle of our 3DPfR process framework. Participants independently made a 3D-printed part
for a (broken) product of their choice, aided by lectures and a written guide. The parts were
printed on an Ultimaker 5+ FDM printer using standard PLA filament, due to the availability
of these printers and materials in the practicum location, plus their general ubiquity and
accessibility in maker spaces. Only cases where all deliverables were complete were used,
which resulted in a dataset of 45 cases. Qualitative data were gathered from the workshop
deliverables and coded. The quantitative study counted and graphed the relevant codes,
and an additional qualitative study validated the quantitative data patterns found in the

quantitative graphs.
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The qualitative data were gathered from the workshop deliverables. These were, for each
participant, four presentation slides with their insights per process phase, a reflection text,
a 3D CAD model (.STL extension), and printing settings (printing resolution, printing speed,
infill percentage, and print orientation). The data codes used represented general repair

data, previous experience, process implementation, and part complexity.

The qualitative dataset was coded independently by two people using a predetermined
coding table. The coding table was constructed by defining when a certain process step or
part requirement can be considered applicable. For process steps, this included definitions
of whether it was performed correctly or incorrectly; for part requirements, this included
definitions of when a part met the requirement. Appendix A lists the definitions of correct/
incorrect for each process step and applicable/not applicable for each part requirement.
The student presentation slides were then coded by comparing the data to the definitions
of the coding table and selecting the corresponding code. Table 3.1 presents a summary
of the coding table; the full coding table with explanations and examples can be found in
Appendix A. The coding table was constructed before coding, but codes were adjusted
and recoded where needed while coding. The coding agreement of the final coded dataset
was 0.81 using Cohen’s Kappa. For the final data analysis, one of the two coding datasets
was chosen at random because of their close agreement.

Table 3.1. Summary of the coding table.

Topic Code Options
Repair result Success/Failure/Unknown
General
Repair type Repair/Added Value/Both
Previous . ) None/Only CAD/Both CAD and 3D
. Previous experience -
experience printing
Analyse/Redesign/Manufacture/
Process

Test process steps Incorrect/Correct/Not applicable *

implementation E.g.. Define tolerance/fit

Part completeness Complete/Broken/Missing

Very suitable/Somewhat suitable/

Part suitability Unsuitable

Part complexity Part requirements Yes/No
E.g., Flexibility
Unsuitable part requirements
E.g., Part mechanical performance Yes/No
too high

The quantitative data analysis counted and graphed the relevant codes and interpreted

the data by comparing numbers and Adjusted Wald confidence intervals. Codes can only
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occur once per case, so no adjustment for double-counting was needed. The data were
graphed as bar charts with Adjusted Wald confidence intervals visualised as error bars. The
Adjusted Wald confidence interval was chosen because it yields coverage probabilities close
to nominal confidence levels, even for very small sample sizes (Agresti & Coull, 1998). All

Adjusted Wald intervals were calculated at 95% confidence.

The qualitative data analysis sought to validate the significant effects of the quantitative
data. When quantitative differences appeared statistically significant, the text of student
presentations and reflections was scanned for mentions of the relevant data codes and
patterns. These quotes were collected and tagged with their corresponding codes. Then,
the qualitative quotes were compared with the quantitative analysis to validate apparent
statistical significance, and, ideally, provide explanations for how or why. Finally, all
qualitative codes were scanned for strong patterns that did not appear significant in the

quantitative analysis to validate that the quantitative analysis did not miss important factors.

3.3 RESULTS
3.3.1 The 3DPfR Framework

This section describes the selection of 3DPfR process steps based on the literature review.
This selection is then adjusted and validated based on insights from the small experimental

case study.

3.3.1.1 Literature review

Figure 3.1 summarises the insights from the literature to formalise the 3D printing for repair
(3DPfR) process for DIY repairers. The literature framework flowcharts are grouped per
topic. Activities (flowchart boxes) on the same row are similar, whereas a gap indicates
framework differences. If a framework was characterised as an iterative process, it is

mentioned in the last row.

Selected Steps That Appeared in All Frameworks

Figure 3.1 shows that (almost) all frameworks considered in this literature review included
some form of the following activities, which were thus selected as 3DPfR process steps:
analyse part and product, design synthesis and digitise part, prepare print and print part,
repair, test part performance, and iterate.

Analyse part and product studies the part and product in detail to come to the part
requirements. Analysis of part topology (refers to how the part is connected within the
product (Leary, 2020)), part geometry (refers to what the part itself looks like (Leary, 2020)),
and part functionality (Beerkens, 2017a; Leary, 2020) shows what part features and functions
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are critical, and what can be simplified (Beerkens, 2017a; Haruna & Jiang, 2020). Reverse
engineering the original part can restructure the initial design intentions. This helps to find
the best design and manufacturing approach and to indicate process difficulty (Beerkens,
2017a).

Design synthesis and digitise part, respectively, ideate and model a part that meets the part
requirements from the analysis. A successful design cycle is supported by and implements
other phases of the design cycle (Roozenburg & Eekels, 1995). Idea generation involves
creative thinking to come up with suitable repair solutions. The repairer needs to make
aesthetic and structural decisions while considering the reproducibility of the repair
(Terzioglu & Wever, 2021). Additionally, the part design should be adjusted and optimised for
3D printing. Parts can be combined or segmented or simplified to an easier geometry with
the same function (Haruna & Jiang, 2020). For large or complex parts, only the defective

segment could be printed (Lorenzen & Paape, 2018).

Prepare print and print part turn the digital model into a physical object through 3D printing.
The (digital) preparation steps for this include exporting the CAD file as an STL file, which
can be sliced to generate printer toolpaths (Beerkens, 2017c; Leary, 2020). Part slicing can
be influenced by printer settings, such as support, infill, layer thickness, wall thickness, and
bed adhesion. Printer settings influence part functionality and aesthetics, as well as printing

ease, printing time, and material use (Beerkens, 2017c).

Repair restores the product to a functional state using the manufactured part. This involves
component repair/replacement, which leads to an altered functional product (Pozo Arcos et
al., 2020). It can also be seen as an implementation phase that implements the developed

decisions and solutions to restore product functionality (Terzioglu & Wever, 2021).

Test part performance finds out how the printed part compares against the set design
requirements. There will always be differences between the expected and desired
properties. Judging whether these differences are acceptable is difficult, as there are a large
number of properties involved (Roozenburg & Eekels, 1995). Testing the part can include
checking print errors and part appearance (Beerkens, 2017c), confirming correct part
dimensions, and proof testing (destructive or non-destructive) the mechanical response
(Leary, 2020).

lterate is an inherent step in any design process (Roozenburg & Eekels, 1995). Besides the
design process, iteration could also take place in the fault diagnosis (Pozo Arcos et al.,
2020). Through these iterative feedback loops, design decisions can be reviewed as the

design progresses (Leary, 2020).
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Figure 3.1. Overview of relevant frameworks from the literature study and the selected 3DPfR steps
(Beerkens, 2017a; Haruna & Jiang, 2020; Leary, 2020; Lorenzen & Paape, 2018; Pozo Arcos et al.,
2020; Roozenburg & Eekels, 1995; Terzioglu & Wever, 2021).
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Selected Steps That Appeared in Some Frameworks

The 3DPfR process steps selection also includes activities that were not present in all
frameworks, but that were still deemed valuable for guidance. These were fault detection,
fault location, fault isolation, assess part feasibility, select method and material, and post-

process.

Fault diagnosis is an essential repair step to find the broken part. Fault diagnosis can be
divided into fault detection, fault location, and fault isolation (Pozo Arcos et al., 2020). In
these steps, the symptoms, causes of failure, and corrective actions are studied and tested to
come to the repair diagnosis. Reverse engineering how the product was used and damaged

helps to prevent the same damage in the repair redesign (Terzioglu & Wever, 2021).

Assess part feasibility considers both the technical and practical feasibility of successfully
3D printing the part, such as 3D file availability and the technical limits of 3D printing
(Lorenzen & Paape, 2018). Part feasibility should consider the required time, amount of
design work, economic effort, resource consumption, environmental impacts, perceived
value, and emotional meaning (Beerkens, 2017b; Lorenzen & Paape, 2018; Terzioglu &
Wever, 2021). Complex, challenging, or incomplete parts will make the redesign process
more difficult and time-consuming (Beerkens, 2017b). For non-feasible parts, alternative
approaches might be considered, such as using another manufacturing method (Lorenzen
& Paape, 2018).

Select method and material should take place early in the process, as it will influence the
design process. Various 3D printing processes have different construction methods, which
will influence the design possibilities (Lorenzen & Paape, 2018). Additionally, material choice

greatly influences the part's performance and functioning (Beerkens, 2017a).

Post-processing is often needed to meet functional and aesthetic part requirements. It
includes removing support structures, joining segmented part sections (plugging, screwing,
clipping, or glueing), drilling, milling, or lubrication (Lorenzen & Paape, 2018). Surface finish
and aesthetics can be adjusted through, for example, sanding, polishing, coating, or painting
(Beerkens, 2017c).

Steps That Were Not Selected

There were also activities that were mentioned in some literature frameworks but which
we did not select. These were assess 3D printing sensibility, topological optimisation,
simulation, and certification.
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Assess 3D printing sensibility (Lorenzen & Paape, 2018) was excluded because the difference
between feasibility and sensibility is too minor. Sensibility determines whether it would be
better to buy the original spare part, buy a new product, or use a different manufacturing
method (Lorenzen & Paape, 2018). However, most feasibility assessments will include
sensibility aspects, so it does not make sense to highlight it as a separate step. Instead, it is

marked as an additional insight for shaping the assess part feasibility step.

Topology optimisation (Haruna & Jiang, 2020) was excluded because this is generally not
accessible for DIY repair. It assumes an advanced additive manufacturing (AM) process,
high skill level, and high-end equipment. Additionally, these methods focus on general AM

performance, rather than repair.

Simulation (Roozenburg & Eekels, 1995) was excluded because the availability of 3D printing
simulation tools for consumers is currently limited. Furthermore, 3D printing has a short
lead time and high flexibility compared to traditional manufacturing. This makes it easier
to test the printed part instead of predicting part behaviour through logical reasoning or

model tests.

Certification (Leary, 2020) was excluded because the certification of 3D printing is almost
non-existing at the moment. Additionally, within non-licensed repair, consumers will not

be able to certify the parts themselves.

Additional Insights

Three-dimensional printing should not be the first step in replacing a broken part. If there
are already produced and affordable spare parts available, it makes more sense to use
those instead Only if the replacement part is not available or disproportionately expensive,
it becomes interesting to 3D print it (Lorenzen & Paape, 2018). It is also good to consider
the longevity and reparability of the repaired product. The repair might strengthen the
product or make it more susceptible to damage. Similarly, the repair solution can make
product repair easier or more difficult and can also impact the (perceived) product value
and aesthetics (Terzioglu & Wever, 2021).

3.3.1.2 Experimental Study

The selected process steps from the literature review were tested in the experimental study.
Table 3.2 shows the process results, and Figure 3.2 shows the original part and redesigned
3D-printed part for all repair cases. Two out of three part replacements succeeded and
one failed, which matched our initial feasibility expectation.
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Table 3.2. Repair case results.

Product Repair No.of Total Time  Print Time Redesign
and Part Result Iterations Spent*  Final lteration Approach
Strengthening of
- thin sections
Kettle Success 4 20h 1h 53 min 1 s
switch Simplify complex
geometry
Kettle - Success, Strengthening of
locking rin with heat- 5 21h 3h5min vertically printed
gring resistant PLA and thin sections
Simplify complex
Keyboard geometry
eyboard - ) )
key attachment Fail 7 35h 1h4 min Comp[ete[y
redesign part
topology

* All iterations together, including printer setup but excluding the machine printing time.

Redesigning each part required at least four iterations with a total of 20 h work. The failed

keyboard repair was stopped after seven iterations with 35 h work, as it yielded no more

additional insights. For the kettle switch, the thickness of the arms was increased, and

complex curvature was simplified. For the kettle locking ring, the vertically printed sections

were fortified by increasing the thickness. The keyboard attachment mechanism required

a complete redesign, as the thin part geometry (< 0.5 mm) could not be printed.

The process flow of both repair study cases was a near match with the literature review

framework. Only a few changes were made to the selected process steps of the literature

review. These changes will be discussed below, as well as additional insights from the

studied repairs.
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(e) (f)

Figure 3.2. Comparison of the original and 3D-printed case study parts: (a) original kettle switch
(left) and 3D-printed redesign (right); (b) 3D-printed kettle switch installed in kettle; (c) original
kettle locking ring (left) and 3D-printed redesign (right); (d) 3D-printed kettle locking ring installed
in kettle; (e) the original keyboard key scissor mechanism (above) with broken attachments (red),
and the redesign (below) with 3D-printed parts (green); (f) 3D-printed parts on the keyboard.
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Process Changes
This section describes changes that were made to the selection and order of process steps

from the literature review.

The fault diagnosis steps were renamed, as the difference between fault detection, fault
location, and fault isolation is not immediately clear. Therefore, we renamed these into
find failure symptoms, find possible causes of failure, and diagnose repair, respectively.

Analyse part and product was split into study product architecture and study part
configuration and requirements to clarify what the analysis should focus on. Product
architecture, or part topology, ensures that the part fits in the product. Part configuration
and requirements describes what other part properties are required to make the part
function.

Test print quality was added as a process step in the experimental study. We found that
a printed part could fail not only through design but also through printer inaccuracies.
Injection-moulded parts have very tight tolerances, which are not always achievable with
standard desktop 3D printers. Besides this, there are also commonly occurring printer
failures, such as printer under-extrusion or bad build-plate adhesion. These require printer
recalibration or printer setting optimisation rather than part redesign. Testing print quality

will show if the error is in the design or manufacturing of the part.

Material and method selection was moved to before assess part feasibility, as the material
and method have an important influence on part feasibility. We had estimated that all repair
cases were feasible with FDM PLA printing, so material and method selection received little
attention during the process. However, the kettle closure ring initially failed when using
standard PLA. We thought the part was unsuitable for FDM printing altogether, but it did
function when reprinting it with heat-resistant PLA. This shows that the chosen material

and method should also be evaluated in the feasibility assessment.

Process Validation and Clarification
The experimental study gave more insight into part redesign and confirmed the importance

of fault diagnosis, part feasibility assessment, and iteration.

Each repair case had its own redesign approach, but similar redesign techniques were
applied to improve 3D printability. The redesign techniques found were strengthen
(vertically printed) thin sections, simplify complex geometry, and completely redesign part
topology. The first two techniques are minor adjustments and can be applied to almost all

part redesigns. Completely redesign part topology, however, is a large design challenge. If
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this approach is required, it will signify that the part is (initially) unsuitable for 3D printing.
It will then depend on the skill and determination of the user whether the repair will be

successful.

Assess part feasibility was an important process step to save time and effort. The original
keyboard key attachment mechanism had very tight tolerances and very thin and small
geometries. The 3D printer could not handle these geometry requirements, which led to
printing failures and non-functioning parts. In the end, there was insufficient design space
to come to a functioning and comfortable solution. This shows that the assessment of part
feasibility requires experience with 3D printing capabilities. Additionally, not all problems

can be overcome through design, as there are limits to the available design space.

Iterate was still required when using the validated process steps. All three parts required
iteration, mostly in the design synthesis and CAD modelling steps. The main reason for
most iterations was to adjust part measurements in relation to the part topology. This was
because all three parts worked with very narrow tolerances in their assembly. For the kettle

locking ring, another iteration was used to optimise the material selection.

Additionally, two levels of iteration were found. Small iterations occur rapidly back and forth
between steps that are closely related on a somewhat subconscious level. For example, part
digitising was often interspersed with design synthesis, or printer settings were tweaked
when a print failed. Big iterations occur on a larger timescale between dissimilar process
steps and require conscious reflection. For example, going back to the design synthesis if

the printed part failed the performance test.

3.3.2  Factors for Successful Repair
This section analyses to what extent the formalised 3DPfR framework helps self-repairers
to achieve the successful repair of performance parts. It studies the influence of previous

experience, process implementation, and part complexity on the repair result.

Repairs were slightly more often unsuccessful (17; 38%) than successful (15; 33%). A
considerable number of repair results was unknown (13; 29%), of which five were due to
printing errors. Most repairs focused on repairing the product (23; 51%), but a considerable
number of repairs focused on added value in repair (18; 40%). The remaining “repairs” (4;

9%) focused on upgrading a product that was not broken.
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3.3.2.1 Previous Experience

Figure 3.3 shows the influence of previous experience on the repair result.

50%
40% 7
5
30%
5
20% 7
1
10% 9
6 3
2
0%
None Only CAD Both CAD
and 3DP

Failure Success Unknown

Figure 3.3. Repair result for each level of previous experience.

There does not seem to be a strong link between previous experience and the repair result.
Participants with only CAD experience appeared slightly more likely to fail, but this is within
the range of the error bars.

3.3.2.2 Process Implementation

The overall process implementation studies whether participants correctly performed the
3DPfR framework steps to judge the applicability of the framework in providing guidance.
Then, the process steps are detailed further per phase to find how each step influences
the repair result.

Overall Process Implementation
Figure 3.4 shows whether each process step from the 3DPfR framework was incorrectly
performed, correctly performed, or not applicable for a particular repair case. In Appendix

B, a complete overview of the more granular process steps can be found.
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Figure 3.4. 3DPfR process steps (per phase) that were performed incorrectly, performed correctly,
or not applicable for a particular repair case.

The most common incorrectly performed steps were test—validate print quality (29;
64%) and (re)design—synthesise design concepts (29; 64%). The most common correctly
performed steps were manufacture—prepare print (30; 67%), test—validate part function
and performance (29; 64%), and analyse—product architecture (28; 62%). Iterate was not
part of the workshop, but 25 participants (56%) proposed iteration steps, of which 24 were

estimated to be correct.
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Analyse Phase

Figure 3.5 shows whether each analyse process step was incorrectly performed, correctly
performed, or not applicable in relation to the repair result. The failed repairs are listed on
the left, and the successful repairs are on the right.

FAILED REPAIR SUCCESSFUL REPAIR
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S * Recognize unsuitable part size 17 —— 14
m Incorrect step - failed repair Correct step - failed repair
Not applicable step - failed repair Incorrect step - successful repair
Correct step - successful repair Not applicable step - successful repair

Figure 3.5. Effect of analysis process step correctness on the repair result. Cases with an unknown
repair result have been omitted from this graph. * Process step not applicable to all repair cases.

The analyse steps define tolerance/fit and identify performance requirements have the most
significant influence on the repair result. Performing these steps incorrectly has a negative
influence on the repair result, as the majority of cases with incorrect steps are failed repairs.
Performing these steps correctly has a slightly positive influence on the repair result, as
cases are twice as likely to result in a successful repair. Similar effects can be seen for the
other process steps, but they are not significant enough to make any claims.

Participants did not report on challenges in the analysis phase. Only two participants
mentioned they wished they had been more attentive during the analysis. For example,
“Looking back, | had to analyse the characteristics of the product a little bit further and
about what their functions were. In my case, the product was not usable in the end because
| ignored an important part of the original [part]”.
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Chapter 3

(Re)design Phase

Figure 3.6 shows whether each (re)design process step was incorrectly performed, correctly
performed, or not applicable in relation to the repair result. The failed repairs are listed on
the left, and the successful repairs are on the right.

FAILED REPAIR | SUCCESSFUL REPAIR
-50% -30% -10% 10% 30% 50%

Design a 3D printable part -—

Design a functional part

‘:,i,- * Simplify complex geometry 8 '—6—n+- 8
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Reduce excess material in design 16 '—_
* Reconfigure unsuitable part size 17 '—l—< 14
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Model part geometry 16 _

® Incorrect step - failed repair Correct step - failed repair Not applicable step - failed repair
Incorrect step - successful repair u Correct step - successful repair Not applicable step - successful repair

Digitise
part

Figure 3.6. Effect of (re)design process step correctness on the repair result. Cases with an unknown
repair result have been omitted from this graph. * Process step not applicable to all repair cases.

The design steps scan part measurements, design a 3D-printable part, and design a
functional part have a negative influence on the repair result if performed incorrectly.
Simplify complex geometry and adapt accuracy and tolerances seem to have a negative
influence on the repair result if performed incorrectly but have smaller sample sizes. Scan
part measurements and adapt accuracy and tolerances have a positive influence on the
repair result if performed correctly. Model part geometry and reduce excess material in
design were performed correctly by almost all participants.

Thirty participants commented on the (re)design phase, and most comments (18)
concerned model part geometry in relation to previous experience. Participants without
CAD experience mentioned that modelling was challenging or even stressful. For example,
“It took me quite some time to figure out how the modelling works, even though | used
software for beginners and the part that needed to be brought had a basic shape.” However,
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some participants were positive about the part-modelling, even though they had no
experience. They stated that using beginner CAD software Tinkercad made part-modelling

easier, although less precise.

Manufacture Phase

Figure 3.7 shows whether each manufacture process step was incorrectly performed,
correctly performed, or not applicable in relation to the repair result. The failed repairs are
listed on the left, and the successful repairs are on the right.

FAILED REPAIR SUCCESSFUL REPAIR
-50% -30% -10% 10% 30% 50%
Choose optimal printing direction 1 18 4 10 1
E
&
g Choose optimal printer settings 1 15 >—n‘1—'14
3
o
Export model to STL file 17 ———115
* Post-process printed part 5 8 3 5 7
® Incorrect step - failed repair Correct step - failed repair Not applicable step - failed repair
Incorrect step - successful repair Correct step - successful repair Not applicable step - successful repair

Figure 3.7. Effect of manufacturing process step correctness on the repair result. Cases with an
unknown repair result have been omitted from this graph. * Process step not applicable to all
repair cases.

The manufacturing steps choose optimal printer settings and export model to STL file were
(almost) always performed correctly. Choose optimal print direction and post-process print
did not seem to influence the repair result.

Twenty-seven participants commented on the manufacturing phase, of which most
comments (13) were about 3D printing without previous experience. Participants stated
that 3D printing was easier than expected and that the practicum made 3D printing more
accessible for them. Other common remarks were about choosing the optimal printing
direction in relation to post-processing (9). Removing support material was more challenging
than expected, and sometimes failed due to carelessness, suboptimal placement of support
material, and/or delicate designs. Participants reported they would be more considerate in
choosing their printing direction next time. For example, “If | would have turned it upside
down less support material would have been necessary. For a future print, | would better

overthink the print orientation of my design to prevent support material at undesired places”.
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3.3.2.3 Part Complexity

The part complexity studies how factors such as part geometry completeness and part
performance requirements influence the repair result. Then, an overall judgement of part
suitability is made by counting the number of demanding part requirements to see how

this relates to the repair result.

Part Geometry Completeness

Figure 3.8 shows the effect of part geometry completeness on the repair result. For a
complete part, all the part geometry is known, although the part does not have to be intact.
For an incomplete part, either part geometry has gone missing or has been deformed.

50%
40%
5
30%
5
5 3
20%
5
5
10% 8
5 4
0%
Complete Incomplete  Not present

Failure  Success = Unknown
Figure 3.8. Effect of part geometry completeness on repair result.

There does not seem to be a link between part completeness and repair result, considering
the distribution of the percentages and the extent of the error bars. A few students remarked
that it was extra challenging to measure and digitise the part if it was missing. However,
they were mostly able to overcome the challenge by analysing the rest of the product and
how the missing part should fit in it.
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3D Printing for Repair: An Approach for Enhancing Repair

Part Requirements
Figure 3.9 shows which part requirements were found in parts that participants selected
as a repair case during the practicum.

0% 20% 40% 60% 80% 100%

Mechanical properties

High accuracy/level of detail

Aesthetic properties

Water contact

Thermal performance

Part requirements

i

UV resistance
Chemical resistance
Food safety

Water tightness

Figure 3.9. The types and frequency of part requirements in the parts used in this study.

The most common part requirements in our practicum study were mechanical properties
(41; 91%), high accuracy/level of detail (35; 78%), and aesthetic properties (29; 64%). The
least common part requirement was water tightness (1; 0%).

Figure 3.10 considers the extent of the part requirements and shows the effect of demanding
part requirements on the repair result. Parts with demanding part requirements are expected
to require adaptation of the part design in order to be successful. Only the demanding part
requirements were considered when studying the impact of part requirements on the
repair result.
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0% 10% 20% 30% 40% 50% 60%

Part mechanical performance too high 10 7 8

Part tolerances/fit too precise |9 4 7
Part thermal performance too high 6 %+ 3 —
Part food safety required 6 &+ ———
UV resistance required 4———3———2
Part connectors not suitable 3————3——

Surface finish requirements too high 22——+——

8
©
£
S
=
(]
(e,
=
©
o

Part too detailed 1

Part too large ~+——

Demanding part requirements

Water tightness required =——
Part chemical performance too high

Part too small ——

No optimal printing direction &4+ 61

Part too complex to scan/measure 23—+

Failure 1 Success = Unknown

Figure 3.10. Effect of demanding part requirements on the repair result.

The most common demanding part requirements were part mechanical performance too high
(25; 56%) and part tolerances/fit too precise (20; 44%). The least common demanding part
requirements were part chemical performance too high (0; 0%) and part too small (0; 0%).

Part food safety required was never met, as it is very difficult to achieve food safety with
FDM printing (Lipton et al., 2015). Additionally, if there is no optimal printing direction for
the part, it is very likely that the repair will fail. Optimisation of the printing direction refers
either to part performance, such as optimising mechanical strength, or the printing process,
such as optimising printing time, the amount of support material, and post-processing time.
This optimisation is not determined by a specific geometry feature or part requirement,
but rather by the way in which geometry features and/or part requirements are combined.
For all other demanding part requirements, there does not seem to be a significant effect

on the repair result.

Overall Part Suitability

Figure 3.11 shows the relation between overall part suitability and the repair result. Part
suitability was determined using the number of unsuitable part requirements. A part was
deemed unsuitable if it had over five demanding part requirements, or if (the extent of) the

demanding part requirement was virtually impossible to overcome with desktop 3D printing.
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Figure 3.11. Effect of part suitability on the repair result.

Most parts were considered to be somewhat suitable (26; 58%), and there were very few
unsuitable parts (5; 11%). Most very suitable parts were repaired successfully, but the results
for somewhat suitable parts are inconclusive. The sample size for unsuitable parts is too
small to draw definite conclusions, but there were no successful parts in this category.

Fourteen participants commented that part suitability played a role when selecting their
repair case. For example, "l would have liked a bit more details or a more difficult object. |
could not do that now because | had to figure out almost everything about 3D designing”.
Some participants also changed their repair case during the workshop to meet printing
and modelling requirements.

3.4 DISCUSSION
341 3DPfR Framework

To generate the framework for 3DPfR, the process steps from the literature analysis and
experimental design were structured further. This framework was then used to select

relevant factors for further study.

3.4.1.1 Finalising the Framework

Fault diagnosis was separated from the 3DPfR process as it is arguably not an iterative
process phase. It is required to find the broken part and understand the part failure. This
will help to prevent similar failures in the 3D-printed replacement part. However, after the
fault diagnosis is complete, this phase is rarely revisited. It is even possible that the fault

diagnosis is conducted before the idea of a 3D-printed replacement part arises. This also
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means that repair experts do not need to be design experts, as they can partner. Therefore,

the fault diagnosis is still included in our framework, but not as part of the 3DPfR process.

The 3DPfR process was restructured into four phases: analysis, (re)design, manufacture,
and test. These phases form a closely integrated iterative process. For example, the design
decisions will determine manufacturability, while the manufacturing decisions will influence
the design. A successful design might not work without the right print settings, such as
resolution, print orientation, extrusion rate versus travel speed, and more; however, printer
settings cannot fully correct a flawed design. Here, it does help for one person to have
both design and AM experience, or it requires tight partnerships. In the experimental
study, process iteration mostly took place in the design phase, such as adjusting part

measurements or reiterating the design synthesis.

By restructuring the literature process steps, as described above, we came to the final

iteration of the 3D printing for repair framework as shown in Figure 3.12.

A successful process depends not only on process implementation, but also on previous
experience, part characteristics, the (available) printing method, equipment and materials,
and time spent. Analysing the relation between these factors and the repair result will show
what the most likely failure points are. Most of these factors are addressed in RQ2. Fault
diagnosis was not explored further as it is not closely integrated into the 3DPfR process.
The steps select method and material, print part, and iterate were not explored further due

to time and equipment constraints; see Section 3.4.3, Limitations and Recommendations.

3.4.1.2 Complicationsin Framework Application

It is not realistic to expect that a 3D-printed replacement part is a perfect replica of the
original part. Assessing whether the 3D-printed part is sufficient will require a certain skill
and familiarity with 3D printing and product repair. More insight into the possibilities and
limitations of 3D printing for repair will be needed to better frame the scope for 3D-printable

spare parts.

Additionally, the number of iterations needed to make a successful part could be a limiting
factor for the implementation of 3D-printed spare parts. It is good to be familiar with 3D
printing capabilities during the analysis and design process. Not everyone with a broken
product will be willing to spend the needed time and effort on this process, especially if it
is for low-cost appliances that are easy and affordable to replace. A way around this could
be to have a database of spare parts in place, either set up by volunteers or by original

equipment manufacturers.
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3.4.2 Factors for Successful Repair
The second research question focused on finding the influence of previous experience,

process implementation, and part complexity on the overall repair success.

The success rate of 3D-printed spare parts is inconclusive due to the number of unknown
cases. However, there are enough successful cases in this study to be able to conclude
that 3D printing spare parts is an interesting opportunity to improve repair success rates.
Additionally, there were numerous cases of value-added repair, which shows that improving
products through 3DPfR is also an accessible concept for novice users. This opens up
possibilities for product life extension through upgrading and personalisation with a
3D-printed part.

When there are multiple errors in process steps or multiple unsuitable part requirements,
it is difficult to determine causal links between process implementation or part complexity
and the repair result. This is due to the extended number of factors discussed and the
interrelations between them. Cases with one error or fewer were all successful. However,
most successful repairs still had one or more process step errors but succeeded despite
them because these steps were either less critical in the process, or not erroneous to such
an extent that they caused the repair to fail. All failed repair cases had multiple incorrect
process steps. Additionally, only 11 out of 45 parts had one or fewer unsuitability types. The
sample size is too small for the credible statistical determination of which process errors
or part unsuitability types individually drive failure the most. However, the determination
of which process errors and part unsuitability types are most commonly correlated with

failure gives repairers a list of common problems to check in their own work.

3.4.2.1 Previous Experience
There is not a clear link between previous experience and repair results. The only effect that
could be seen is that people with only CAD experience were slightly more likely to fail. This

could be because all the unsuitable parts were from participants with this experience level.

It could be possible that the repair result is linked to other factors than experience, such as
design ideation. However, the limited number of participants with 3D printing experience
limits the sample size, making the data insufficient to draw a firm conclusion. Experience
in Three-dimensional printing could be helpful when designing the part, as it helps to
understand what is feasible to be 3D printed. Additionally, it could be that the influence
of previous experience becomes more prominent when more iterations are attempted.
Then again, it can be expected that the audience of repair cafes is similarly limited in their
experience. Therefore, it is promising to see that successful repairs are also possible without

previous experience.
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3.4.2.2 Process Implementation

The most challenging 3DPfR phase is the (re)design phase, as synthesise design concepts
and digitise part were often performed incorrectly. Within these steps, participants mainly
failed to scan part measurements, design a 3D-printable part, and design a functional
part. Model part geometry, however, was mostly performed correctly. This strengthens the
assumption that a successful process depends more strongly on design decisions and less
on the execution of this design through CAD. However, it should be kept in mind that the
results were obtained with university-level students. Research within a wider population

would be needed to test this assumption for different skill levels.

Future guidance should focus on scan part measurements, define tolerance/fit, identify
performance requirements, and adapt accuracy and tolerances. The incorrect performance
of these steps correlates the strongest with a failed repair result. Scan part measurements
and adapt accuracy and tolerances, if performed correctly, had a relatively strong positive
correlation with a successful repair result. This indicates that these are the key steps in
creating a successful 3D-printed replacement part.

Interestingly, choose optimal printing direction and post-process print did not have a
negative correlation with the repair result when performed incorrectly. The printing direction
is especially interesting, as the printing direction seems relevant when studying part
complexity. However, as stated before, the optimal printing direction can refer either to the
part performance or the printing process and post-processing. It is likely that optimisation
for the printing process is less crucial than the optimisation for part performance. This
makes it difficult to determine the criticality of choosing the optimal printing direction and
its effect on the repair success. For post-processing, all errors damaged the part integrity
while removing support material, but not always in such a way that part performance was
hindered. Even though these steps seem less crucial, they are still needed to perform a
successful repair. Therefore, they cannot be removed from the framework.

3.4.2.3 Part Complexity

Part complexity studied the effect of part completeness and part suitability on the repair
result. Contradictory to the literature and expectations, part completeness did not seem
to have a correlation with the repair result. However, participants remarked that it did cost
more effort to reconstruct the part. This could be discouraging for users when performing
DIY repair, especially for users without a technical background. Therefore, future guidance

should show users that it is possible to recreate missing parts, and how to do this.

The results for unsuitable part requirements and part suitability were inconclusive. Most

unsuitable part requirements did not have a significant negative correlation with the repair
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result. It may be that part suitability is more related to the severity of the requirement rather
than the type. Related to this, it is likely that the part selection in this study is more biased
towards suitability than a random selection of repair cases in a repair cafe. Participants
selected parts that they thought would suit their limited experience level and expectations
and even changed their selected part during the workshop. This is also reflected in the fact
that there were only very few unsuitable parts in this study. More study is needed to find
the limits of 3D-printed parts in relation to their performance requirements.

The only unsuitable part requirement with a more significant negative correlation with a
failed repair was no optimal printing direction. It could be that, here, the optimal printing
direction relates to part performance rather than the printing process. When the original
part design does not have an ideal printing direction, more attention needs to be paid to
the redesign phase to overcome this problem and realise a 3D-printable part design. This
also illustrates the importance of the correct execution of the process steps and making

the right design decisions.

3.4.3 Limitations and Recommendations for Future Research
This study was limited by several factors, which should be kept in mind when building
upon this work.

The framework was built to be generally applicable to all printing methods, but the
verification of the framework and finding factors for successful repair was performed
using only FDM PLA printing. Further testing of the framework and process steps with
other printing methods and materials is recommended to verify its applicability. Using
other printing methods might shift the importance of certain process steps or introduce
new steps. However, the problems highlighted in this current study can be expected to be
relevant issues or at least relevant starting points for applying other printing methods in
the context of 3DPfR.

The practicum in this study had to adapt last minute to an online environment due to
COVID-19 regulation changes. This meant we were unable to use preselected repair
cases, which could have affected the results for RQ2. As mentioned before, participants
selected their part based on the assumed feasibility of modelling and printing. People
actually repairing products do not get to make that choice. Therefore, part complexity
insights should be used to inspire future research and not to draw conclusions. The online
environment also meant participants could not print themselves, and not all participants
were able to pick up their printed parts for testing. This resulted in limited manufacturing

insights and a higher number of unknown repair result cases.
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The practicum participants were students from a technical background with an affinity
for sustainability. This means that participants might have been more adept than average
repairers at adopting new skills such as CAD modelling. Additionally, completing the
practicum was mandatory, which might have helped participants in overcoming hesitations
or insecurities. In a real repair scenario, it could be that users do not start or complete the

process because of the required time, effort, and skills.

The three-day practicum was limited in time, limited to printing PLA plastic with FDM
machines, and limited in the number of printers available. Only one iteration could be
designed and printed, and there was no time to accommodate printing errors (e.g., filament
running out). Prints were grouped due to the limited number of printers, which meant some
printer settings had to be adjusted. However, these factors could also be limiting factors in

repair environments such as repair cafes.

This study has presented insights into process implementation and knowledge gaps in
part complexity. Even though this study describes correlation instead of causality between
different factors and the repair success, it can still provide repairers with a list of common
problems to check and can provide researchers with a list of problems to develop solutions
for. The redesign steps were found to be the most likely failure points. As there is still little
guidance on redesigning existing parts for 3D printing, we recommend that further research
and development should mostly be focused on these steps. Moreover, more insight is
needed into what determines the suitability of parts likely to succeed in successful 3D
printing. This should be conducted by considering the limits of the part requirements in
more detail as well as the implementation of the process steps. Further insight into this
topic could help in improving the definition and estimation of part suitability. The framework
can be used to structure and find other research gaps in 3D printing for repair. Recognising
and studying these gaps will help to further develop this framework and to structure future
research and guidance on this topic.

Besides this, future studies could focus on factors that contribute to a successful 3DPfR
process, but which were not covered in this study. These factors could be the influence and
importance of time, the number of iterations, different printing materials, or the equipment
used (e.g., printer, measuring tools). Different printing methods could also be considered. As
stated at the beginning of this paper, these methods might be less accessible for consumers
or considered too pricey. However, this assumption could be challenged as technology
advances over time. Meanwhile, using printing services could also be an option to access
more advanced printing methods.
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Finally, after further development, we recommend testing the framework within a repair
community such as a repair cafe to further develop support and guidance materials.
However, this study shows that 3DPfR is a challenging process. Some users might find
that the process requires too much time and effort for too little gain. Therefore, it would

also be interesting to see how this framework can be applied within an industrial setting.

3.5 CONCLUSION

The goal of this paper was to formalise the 3D printing for repair (3DPfR) process to provide
evidence-based guidance on which steps make the process successful. A 3DPfR framework
was developed, which was used to identify what process factors drive the success or failure

of the overall repair.

To answer the first research question, “How can the 3DPfR process that leads to a successful
repair be described?”, we created a 3D printing for repair (3DPfR) framework which has two
functions: to analyse and describe the process and to provide high-level guidance for the
process. Our study showed that the 3DPfR process can be described as an iterative design
for an additive manufacturing process that is integrated into a repair process. The 3DPfR
process consists of four phases: analyse, (re)design, manufacture, and test. Fault diagnosis
is used to find the broken part, but it is not an iterative part of the 3DPfR process. 3DPfR is
simple in principle but quite challenging in its details, which should be addressed in future
research. Compared to product design and design for additive manufacturing, the 3DPfR
process is less flexible, as it needs to consider an already-existing product. The process
often requires multiple iteration cycles to obtain the right part performance and fit. It is not
enough to just copy the original part, as has been assumed in the earlier literature because
3D-printed parts and materials perform differently than the parts and materials they replace.
The required design work and the number of iterations could be limiting factors in the
adoption of 3D-printed spare parts. In the future, the 3DPfR framework can be detailed

further with more experimentation and user feedback.

For the second research question, “What is the influence of previous experience, process
implementation, and part complexity on the overall success of the 3DPfR process?”, we
found that execution of the process steps was the most important predictor for repair result;
previous experience and part complexity were not significant predictors. When reviewing
the effect of process steps on the repair result, we found that incorrect process steps usually
resulted in a failed repair, whereas a correct step did not necessarily result in a successful
repair. The most challenging step was designing a 3D-printable and functional part. This
shows that it is especially important to guide users in making the right design decisions

during the redesign of their part. This study also showed it is difficult to predict which parts
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are suitable for 3D printing. Most likely, this involves the strictness of part requirements,

rather than the type of requirements. This will be the subject of a future study.

Repairing a product will almost always be the most sustainable solution. 3D printing for
repair could be an accessible way to give older products without spare parts a chance at a
longer product lifetime. As 3D printing is flexible and rapidly evolving, it could be the key
to unlocking localised, personalised, and value-added repair. This research gives a first
overview of how to create a successful 3D-printed spare part and provides directions for

further research.
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APPENDIX A

3.6

Table Al presents the full coding table that was used during the qualitative coding for

research question 2.
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3.7 APPENDIX B

Figure Al shows the full overview of all the granulated process steps per phase.

0% 20% 40% 60% 80% 100%

Define toleranceffit 11 & 34

Identify part reference points & critical elements |7+ 38

Analyse
product
architecture

* Recognize assembly complications 24—

T o Identify performance requirements 15 36—
886
2 g E Determine (missing) part geometry | =6 39—
LNSHD
23£
;‘g"g ;', * Recognize unsuitable part size 4+ 44
8
Design a 3D printable part | 19 26—
Design a functional part | 16 29—

* Simplify complex geometry 11 & 19—
* Adapt accuracy and tolerances |8+ 47— 20
* Adapt connectors and assembly |8 16—

* Apply added value to improve part function [# 14—

Synthesise design concepts

=
e
o
1]
°
2
[}
o
=

Reduce excess material in design | =6 39—

* Reconfigure unsuitable part size 14

Scan part measurements Y 3+——

Model part geometry =444+

Choose optimal printing direction |12 —

Choose optimal printer settings & 39—

Prepare print

Export model to STL file +45i

Manufacture

* Post-process printed part ~t4——

27
24
2
1
Validate print quality |29 -—e—«_

Replace component -5 23— 0

Validate part function & performance 6 29 ( 10

Incorrect Correct Not applicable m Not tested

Figure Al. Full overview of all granulated process steps. * Process step not applicable to all repair
cases.

Overall, the most common incorrect steps were:
o Test—validate print quality (29; 64%)
e (Re)design—design a 3D-printable part (19; 42%)
*  (Re)design—design a functional part (16; 36%)

The most common correct steps were:
» (Re)design—export model to STL file (45; 100%)
* (Re)design—model part geometry (41; 91%)
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CHAPTER 4

Feasibility of On-demand Additive
Manufacturing of Spare Parts

This chapter was originally published as van Oudheusden, A.; Buijserd, A.;
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Finland, 2023; pp. 1129-1136.



ABSTRACT

Spare parts availability is crucial for extending the life of consumer products. However,
long-term availability could lead to high stocks of spare parts, which might not be used.
Instead, on-demand manufacturing of spare parts with additive manufacturing (AM) is a
promising alternative. This paper presents a method to evaluate parts on their eligibility
for AM spare parts. The parts evaluation is based on AM technology accessibility as well
as part requirements. This method was tested by assessing all parts of the Dyson V11
broom-stick vacuum-cleaner and validated by printing and testing a selection of parts. For
this, both plastic and metal spare parts were made through fused deposition modelling
(FDM), stereolithography (SLA), binder jetting (BJ), material jetting (MJ), selective laser
melting (SLM), selective laser sintering (SLS), and muilti jet fusion (MJF), using both desktop
FDM printers and off-site service providers. Based on these results, we conclude that
currently only a small number of parts can be replaced by additive manufactured parts
without considerable redesign efforts. AM parts can compete on price with the current
stocked parts, but may be more expensive for other products. We also identified additional
functional requirements for evaluating the eligibility of a spare part for AM.



4.1 INTRODUCTION

The 2014 EU circular economy strategy considers maintenance and repair important ways of
preserving resources and prolonging consumer products’ lifespan (Sajn, 2019). To conduct
repairs, access to spare parts, tools, and information is required, which are often controlled
by the original equipment manufacturer (OEM) of the product (Svensson-Hoglund et al.,
2021). The spare parts inventory is normally held by an OEM or third-party service provider
to fulfil warranties (Zhang, Huang, & Yuan, 2021). This means that consumers can only
repair their products for a short time (typically 2 years) and only through the OEM service
(Hernandez & Miranda, 2020). Spare parts may not be available when the production of the
products ceases (Zhang, Huang, & Yuan, 2021). Instead, it can become more cost effective
for OEMs to replace a broken product, which further affects spare part availability (Frenk
et al,, 2019; Van Der Heijden & Iskandar, 2013).

The 2019 EU Ecodesign regulations include reparability requirements, like increased spare
part availability. Manufacturers need to ensure that specific parts are available within 15
working days for seven to ten years after the last market release (European Commission,
2019; Sajn, 2022). The European Commission is exploring the potential of implementing
a repair score system based on repair, reuse, and upgrade standard EN 45554 (European
Commission, 2022, p. 7).

Long-term spare part availability means that OEMs need to find cost-effective ways to
keep spare parts stock for older models (Svensson-Hoglund et al., 2021). To increase spare
part availability while preventing obsolete stocks, on-demand spare parts manufacturing
with additive manufacturing (AM) could be used. Digital spare parts can reduce wait time,
labour cost, delivery time and costs, emissions, material waste, and inventory (Attaran, 2017;
Chekurov et al., 2018). Additionally, AM economics make it ideal for on-demand spare parts

manufacturing (Ford, Despeisse, & Viljakainen, 2015).

However, not all spare parts can be 3D printed. Recent research has established printability
requirements, especially related to part geometry (Chaudhuri et al., 2020). Van Oudheusden
et al. (2023) have shown that AM is less suited to facilitate self-repair due to the redesign that
is often needed to make parts manufacturable with AM at a similar mechanical performance.
However, AM might be suitable in professional repair. More insight is then needed on to
what extent spare parts for consumer products can be replaced by spare parts made
with additive manufacturing techniques. We need to be able to evaluate the printability of
product parts, based on accessibility, part functionality, and economic feasibility. Thus, the
research question of this paper is, "How can we evaluate the printability of product parts

based on part requirements?”
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To answer these questions, we studied the accessibility of AM methods by looking at which
methods are widely available, affordable, and of high enough quality, while considering both
direct ownership and printing services. Then, we constructed a list of part requirements
and used these in a theoretical assessment of all the parts in a household appliance. This

theoretical assessment was then validated through printing and testing a selection of parts.

4.2 METHOD

Part printability was evaluated for a high-end vacuum cleaner Dyson V11 Torque Drive
(about € 650-€700). The Dyson V11 was selected as it is an advanced household appliance
offering a multitude of complex parts made from different materials. As such, it is considered

an interesting case study.

The vacuum cleaner was fully disassembled using commonly available tools: PH1 (Philips)
screwdriver, T8 (Torx) screwdriver, plastic prying tools, needle nose pliers, cutting pliers,
flat screwdrivers, and hammer. The hammer and flat screwdrivers were used together
to remove smaller parts which could only be removed with considerable force (e.g., the

smaller roller wheel axles in the brush head).

The parts were mapped using the Product Breakdown Structure (PBS) method (NASA, 2016).
The PBS was complemented with the part material, if identified. For further distinction, parts
were only considered “eligible” for additive manufacturing if they were not standardized
or commonly available parts, such as fasteners, springs, or bearings. These could likely be
purchased faster, more affordably, and at higher quality than they could be printed. Parts
that could not be fully disassembled were also not considered eligible. The resulting eligible

selection of spare parts would need to be printable through AM.

For assessing part printability, printing methods were considered that are commonly
available through service providers: fused deposition modelling (FDM), stereolithography
(SLA), binder jetting (BJ), material jetting (MJ), selective laser melting (SLM), selective laser
sintering (SLS), and multi jet fusion (MJF).

Printability of parts was assessed on the following eight limiting criteria, as defined by van
Oudheusden et al. (2023): (1) exposure to high forces, (2) exposure to high temperatures, (3)
accurate fit required, (4) fine details, (5) smooth surface or low friction required, (6) complex
curvatures, (7) complex geometries, and (8) complex or inaccessible cavities. Guidelines
were defined for each criterion to increase the scoring reproducibility, see Buijserd (2022).
Criteria were only marked as applicable if they were essential for part functioning. For

example, if a part had complex cavities required for injection moulding but without further
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functional purpose, the criterion did not apply. A part printability rating was calculated for
each part by starting with a score of nine and subtracting one point for each applicable
limiting criterion. A part failing all eight limiting criteria scores a 1. A low printability score
means a part will be more difficult to print and that careful consideration is needed of the
printing method, printing material, and printer settings.

Printed part affordability was evaluated by making three roughly modelled “mock-up” parts.
The outer part dimensions and material volumes roughly matched the original parts, but
no details were modelled. These mock-ups were submitted to service providers for a price
quote, which was then compared to the original spare part cost.

4.3 RESULTS

431 Parts mapping

The Dyson V11 was disassembled into 174 parts, of which 139 are unique, see Figure 4.1. The
parts are grouped in 23 sub-assemblies, which in turn constitute six main part assemblies.
Some subassembilies, like the rear dustbin seal, the motors, and the battery pack, could
not be disassembled without breaking the parts or endangering the repairer. Excluding all
non-eligible parts gave 67 eligible unique parts.

Figure 4.1. The disassembled Dyson V11.
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Figure 4.2 shows the high-level hierarchical breakdown and the distribution of unique
eligible parts over the (sub)assemblies. The brush head has the most with 26 unique eligible

parts, followed by the vacuum section with 21 such parts.

Dustbin Battery Vacuum section Extension rod Brush head
(n=9) (n=3) (n=21) (n=4) (n=26)
L | Bin Battery pack || | Motor section Main body | |Upper connector || | Wheels
(n=1) (n=0) (n=4) n=2) (n=2) (h=2)
Lid Relea;e Trigger Soft extension Rod Swivel connector
Tl =2 mechanism | =) () (n=2) 1 =0 1 =2
(n=3)
Retain & "3.‘6-359 Dustbin holder Lower connector Lower housing
R T w=0 1 0=2 ] =2
(n=4) _ B
L Rear seal | | Frontcyclone | | Upper housing
(n=0) (n=1) (h=7)
|| Middle cyclone || Brush
(n=4) (n=4)
Rear cyclone L Motor
(n=6) (n=7)

Figure 4.2. The Dyson V11 hierarchical breakdown. Darker boxes are assemblies, lighter boxes are
subassemblies. The numbers indicate the number of eligible unique parts in each (sub)assembly.
A red bevel indicates the subassembly could not be fully disassembled.

4.3.2 Materials

Figure 4.3 shows most parts are made of plastic, and that many different materials have
been used. In total 25 different materials and material blends were identified, but for some
materials the exact composition could not be defined. The multi-material group has the

largest variety of materials, including nine different combinations.
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Figure 4.3. The material use in the Dyson V11. These materials include (blends of) acrylonitrile
butadiene styrene (ABS), polycarbonate (PC), polypropylene (PP), polybutylene terephthalate (PBT),
polyamide (PA), thermoplastic elastomer (TPE), PP copolymer (PP-C), thermoplastic polyurethanes
(TPU), PP reinforced with 20% talc (PP-20TD), and PA 66 with glass fibre (PAG6GF).

4.3.3 Printability

Each part of the Dyson V11 was assessed using the eight limiting criteria mentioned in the
Methods section, see for example Figure 4.4. Figure 4.5 shows the part printability scores
for all eligible unique parts. Nearly all parts encounter one or more limiting criteria. Most
parts encounter one limiting criterion, the lowest score was a three, and only six parts
scored 9 out of 9. When assessing these high scoring parts, four of them were found to be
flat foam gaskets to close part connections. These were difficult for FDM printing to match

material compressibility. The other two parts could be replaced with FDM printed copies.
Still, most parts score relatively well on these criteria, and parts are usually still printable

even when multiple limiting criteria apply. For example, the spring clip shown in Figure 4.4
had three limiting criteria but was printed successfully using SLS, SLM, and BJ.
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Spring clip — dusthin assembly

% (1) Exposure to high forces
(2) Exposure to high temperatures
Original part SLS SLM B X (3) Accurate fit required
PC PA12  Aluminium Steel
¥ (4) Fine details

(5) Smooth surface or low friction
required

(6) Complex curvatures
- (7) Complex geometries

(8) Complex or inaccessible cavities

Part printability rating: 6/9

Figure 4.4. The spring clip printed in various materials. Limiting criteria that apply are marked with
red X'es.

30
25
20

15

10

5 . .

0 | [—
9 8 7 4] 5 4 3

Part printability score (higher is better)

Number of eligible unique parts

Figure 4.5. The Dyson V11 part printability scores.

Figure 4.6 indicates the occurrence of each limiting criterion. The main challenge is parts
with fine details, which was marked applicable to 29 unique parts, but also other geometry
related factors score high. The most frequent functional limiting factor was exposure to
large forces during use.

When applying the limiting criteria, we further noticed that multiple parts of the Dyson
V11 were made of flexible materials, such as rubber-like seals or soft-touch TPU parts.
These materials can have properties like elasticity or flexibility beyond standard additive

manufacturing capabilities. Additionally, there were multiple parts made of foam. This is not
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a common material in additive manufacturing, which can make it difficult to achieve the
same compressibility. Other parts were multi-material parts, meaning that the materials of
the part are irreversibly connected, such as a metal filter embedded in an injection moulded
part. If the part cannot be replaced with a part printed in a single material, other strategies or

specific printing methods are required, which are expected to complicate part production.

4.3.4  Affordability

The cost of spare parts for the Dyson V11 was assessed and compared with the costs of the
printed replacement parts. Dyson offers a replacement for all Dyson V11 parts, but except
for the HEPA filter, parts are not sold separately. Instead, consumers are required to buy
and replace an entire (sub)assembly. For example, the lid can only be purchased as part of
the dustbin reservoir (Dyson, 2023). Prices for original spare parts in this study therefore

represent the cheapest option available for the part.

The cost of the printed replacement parts was evaluated by making three mock-up parts
for the Dyson V11 and retrieving a price quote from a service provider. Figure 4.6 shows
examples of one part. Table 4.1 compares the costs for printing three parts (lid, metal filter

holder, and retainer clip) against the cost for the OEM replacement.

Fine Detai: -
rccurate it |
Complex curvatures _
Complex geometries _
Large Forces |
I
.
H

High Temperatures

3DPfR easiblitiy criteria

Complex/inaccessible cavities

Smooth/low-friction

Figure 4.6. The occurrence of limiting criteria in the Dyson V11.

Table 4.1. Quoted prices for three mock-up parts of the Dyson V11. The cells marked in grey are
more expensive than the OEM replacement.

Part recpcl):::Sr:?nt SLS MIF —Bsi:el - er-ey —F i':s
Lid €33.90 €19.07 €21.04 €152.52 €7892 €63.70
Metal filter holder €100.90 €106.27 €6099 €42765 €139.95 €52.50
Retainer clip €40.00 €13.27 €13.53 €32.06 €32.43 €9.10
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4.4 DISCUSSION

For this vacuum cleaner, 67 out of 139 unique parts were considered eligible for printed
spare parts, even if a digital file is present and all printability-limiting criteria are overcome.
Only 33 out of 139 parts scored very highly (8 or 9) in printability criteria. Multiple limiting
criteria were encountered for most parts. Although the analysis only considered a single
product, this product can be considered exemplary for many household appliances that
use injection moulded plastic and multi-material parts, and that group parts in inaccessible
(sub-)assemblies. Also, the multitude of materials used poses challenges to direct fabrication
with AM as the manufacturing of such parts cannot be easily transposed. This implies that
supplying spare parts through local AM requires either adaption in the product design to
produce parts with both AM and conventional manufacturing, or that manufactures supply

a digital file for AM that allows the printing of a functionally equivalent (but different) part.

Considering the method of establishing printability by assessing limiting criteria, Figure 4.4
shows that the criteria helped clearly distinguish between more printable and less printable
parts. However, we observed that several parts were sensitive to printability issues despite
a high score. This leads to additional criteria like flexibility/elasticity, compressibility, and
multi-material composition (as with overmoulded parts). The highest-scoring parts were
foam gaskets, which could also be produced by laser cutting sheets, so AM was not a unique

enabler for their replacement.

The price of printed parts appears similar to the price of spare parts obtained through the
OEM, but this is partly because the OEM requires consumers to buy a complete (sub-)
module instead of just the needed part. Thus, AM spare parts are likely to be significantly
more expensive than original spare parts for companies that do allow the purchase of
individual spare parts. However, these economics could change for older products for

which parts are rare.

Even if manufacturing AM spare parts is possible, quality guarantees will be needed. To
ensure that printed spare parts are reliable, sustainable, and safe, some form of quality
control and certification should be established, either through the OEM or AM service

providers.

441 Limitations and recommendations

This study was limited by several factors. Part testing only considered the fit and short-
term performance of the AM part, which makes it difficult to determine limiting criteria
of long-term part performance. Also, only small parts were printed in metal, which could
affect affordability for larger parts. Additionally, using an AM service provider meant that

there was limited insight into the printing process, costs, and lead times. Industry can be
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expected to face the same challenges, but on the other hand, they can strive for more

insightful collaborations.

For future research, we recommend further research into part printability to refine the
current list of limiting criteria. As mentioned above, material properties like flexibility/
elasticity, compressibility, and multi-material should also be considered. Additionally,
research can focus on design strategies to overcome the challenges indicated by the
limiting criteria. We also recommend further research to find the crossover point where
AM of spare parts becomes preferable to conventional production, both environmentally
and economically. To this end, we recommend that industry and OEMs focus on enabling
AM of spare parts when designing the original part. Finally, additional developments in

legislation and certification are needed to ensure that spare parts are safe to use.

4.5 CONCLUSION

Based on these results, we conclude that printed spare parts can be affordable, but that
only a small selection of parts is suitable for additive manufacturing. Overall product
complexity and part requirements such as fine details and accurate fit can make it difficult
to reproduce parts without considerable redesign efforts. We also identified additional
criteria for assessing part printability, which are elasticity and flexibility, compressibility, and
multi-material. As additive manufacturing methods continue to develop and improve, it can
be assumed that printed parts will become more accessible and affordable in the future.

Products should be designed for repair, and designing parts for printing on-demand can
be part of this. Printing on demand means manufacturers could limit their stock of less-
common parts, keep costs low, and have spare parts available long after warehoused parts
would be economically prohibitive. Currently, a relatively small percentage of spare parts
can be printed, but this could be fixed with redesign for printability (or if alternative printable
spare parts are designed). Designing for repair is one of the many requirements to produce

sustainable consumer products.
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ABSTRACT

Using additive manufacturing for spare part production can ensure that spare parts are
available for a long time. However, spare parts are currently not designed for additive
manufacturing. This study aimed to find how the production of 3D-printed spare parts can
be facilitated in the design of plastic parts. We used a literature review and illustrative case
to find how the design requirements for standard injection moulded plastic parts relate
to the manufacturing capabilities of additive manufacturing for spare parts. The design
requirements were defined by assigning corresponding structural and material properties.
These requirements were then used to construct and evaluate the capabilities of additive
manufacturing compared to injection moulding. It was found that additive manufacturing
is especially suitable for requirements like Accuracy, Heat resistance, and Chemical
resistance. However, to fully enable 3D-printed spare parts, certain design challenges still
need to be tackled. Designers should pay careful attention to the synergies and trade-offs
between design requirements and the challenges that might arise from the combination of
certain requirements. Also, designers should ensure products are easily reparable before
considering 3D-printed spare parts. If we target these challenges in the design phase, we

can facilitate 3D-printed spare parts that enable product repairability.



5.1 INTRODUCTION

The amount of waste from consumer products is increasing at an alarming rate. There are
multiple ways to prevent waste from discarded products, but one key way is to repair them
(King et al., 2006; Stahel, 2010). This is mainly because of two reasons: repair slows down
resource loops (Bocken et al., 2016), and the required investments are lower than for other
recovery options (Scott & Weaver, 2014). However, one of the main problems in repair is that
spare parts are not always available (Tecchio et al., 2016; Terzioglu, 2021). If we want to enable

the repair of products, spare parts should be available for most of the product’s lifetime.

In Europe, there are regulations to increase the availability of spare parts. These regulations
specify that spare parts should be available within 15 working days for 7-10 years after the
last market release (European Commission, 2019; Sajn, 2022). However, it is difficult to
predict how many spare parts are needed, and storing them in warehouses can be costly
(Odedairo, 2021; Yang & Niu, 2009). Some of these parts might not even be used (Behfard
etal., 2015), leading to higher costs and more waste (Knofius et al., 2019; Wang et al., 2015).
This means that manufacturers need a new way to provide spare parts.

Increasing the availability of spare parts can be achieved with additive manufacturing. This
method is increasingly used in the manufacturing industry to produce plastic end-use parts
(Salmi & Pei, 2023). Using additive manufacturing means that, instead of keeping a large
inventory of physical spare parts, a digital file of each spare part can be stored online and
produced on demand (Péres & Noyes, 2006; Zanoni et al., 2019). This will save costs and
waste from unused parts while making them available for a longer period (Holmstrom &
Gutowski, 2017).

While this approach can be used throughout the product, it makes the most sense for
product-specific parts. The standardised parts in consumer products, such as nuts, bolts,
and springs, are already mass-produced by third parties and are thus always readily available.
Additive manufacturing is not a suitable alternative here, as conventional manufacturing of
simple parts has lower production costs and lower environmental impact per part at this
scale (Faludi et al., 2017; Jung et al.,, 2023). Conversely, product-specific parts cannot be
used outside their target products, which means they are not readily in stock from perpetual
mass production. Additionally, these parts are mostly plastic parts made with injection
moulding. As injection moulding is unsuitable for on-demand manufacturing (Karania &
Kazmer, 2007), these parts would benefit the most from 3D-printed spare parts. Therefore,

we chose plastic parts made with injection moulding as the focus of this study.

Using additive manufacturing to produce parts that were initially designed for injection

moulding introduces one major challenge: translating the design from one manufacturing
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method to another. Both the overall product complexity and specific part requirements,
such as fine details and flexibility, can make it difficult to reproduce injection moulded
parts with additive manufacturing (van Oudheusden, Bolafios Arriola, et al,, 2023; van
Oudheusden, Buijserd, et al., 2023). Moreover, redesigning spare parts for additive
manufacturing after the initial production gives minimal possibilities for design changes
and creates an increased workload (Bolafios Arriola et al., 2022; Salmi & Pei, 2023). In the
ideal case, printed spare parts would be enabled in the original part design. This means
that parts should be designed for both injection moulding and additive manufacturing.

However, how can that be achieved easily and effectively?

The main research question is then as follows: how can the production of 3D-printed
spare parts be facilitated in the design of plastic parts? This leads to the following research
questions for this study:

RQ1. Which design requirements drive the design for both injection moulding
and additive manufacturing?
RQ2. How can these design requirements be used to facilitate the design of

3D-printed spare parts?

To answer these research questions, the relationship between design requirements and
manufacturing capabilities was studied. We used a literature review to identify which design
requirements are relevant and to assess the capabilities of injection moulding and additive
manufacturing for these requirements. Then, we performed an illustrative case to show how
the results can indicate the suitability of a part for additive manufacturing. By understanding
how the design requirements affect the application of additive manufacturing, designers

can facilitate the use of additive manufacturing to produce spare parts.

5.2 METHOD

Our study was set up in three parts: we created and defined a list of design requirements,
assessed the manufacturing capabilities of injection moulding and additive manufacturing
for these requirements, and constructed an illustrative case for an exemplary consumer

product. As this was an iterative process, the methodology is not presented chronologically.

5.2.1  Selecting and Defining Requirements

To find which design requirements drive the design for both injection moulding and additive
manufacturing (RQ1), we identified which general design requirements are needed to
describe the general functioning of a product part. To do this, the design requirements

from previous studies on 3D printing for repair (van Oudheusden, Bolafios Arriola, et al.,
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2023; van Oudheusden, Buijserd, et al., 2023) were merged and supplemented with an
additional literature review. These design requirements were defined further by matching

them to relevant structural and material properties.

The cited studies were merged by sorting the requirements into groups and rephrasing
them where needed, so they all represented a neutral state. For example, the requirement
of Large forces was changed to Strength. The list of requirements was then revised and
updated using insights from the literature review and case. This was an iterative process in
which requirements were added, removed, and rephrased. The same approach was used
to match the design requirements to relevant structural and material properties.

For the supplemental literature review, literature and books on mechanical and material
engineering were used. We started with the book Materials: Engineering, Science,
Processing and Design (M. Ashby et al., 2014) as this is an essential work on material
engineering. Literature was added to this using requirement-specific search terms and
further snowballing. For example, queries were along the lines of "Additive Manufacturing
OR 3D-printing AND Strength”. Literature was accepted or rejected based on whether
it provided fundamental insights into the described requirements and manufacturing
processes on a commercial application level. During the literature review, it was found that
this field is strongly industry-driven and that companies do not often publish their findings
in scientific sources. Therefore, to supplement the literature review, we used grey literature
such as design rule overviews and technical datasheets (TDSs) of printing materials. These
were retrieved from prominent sources: industry leaders like Hubs and Xometry, material

manufacturers like Formlabs and 3DSystems, and material databases like Granta Selector.

The resulting design requirements and properties were checked, and any redundancy was
removed. Finally, the design requirements and properties were presented in a table. This
table was used to define which data needed to be gathered to specify the manufacturing

capabilities in the next step.

5.2.2 Defining Manufacturing Capabilities

To find out how these requirements can be used to facilitate the design of 3D-printed spare
parts (RQ2), we compared the manufacturing capabilities of injection moulding and additive
manufacturing. By understanding the gap between the two manufacturing methods and

adjusting the design accordingly, it becomes easier to produce 3D-printed spare parts.

We selected three additive manufacturing methods for this study: selective laser sintering
(SLS), stereolithography (SLA), and fused deposition modelling (FDM). These methods were
chosen as they are commonly available and generally provide good-quality parts (Salmi
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& Pei, 2023). This also means that there will be enough information available to judge the

capabilities of these methods.

The manufacturing capabilities of these methods were then quantified so they could be
compared. This quantification was performed by collecting data on the structural and
material properties of each requirement. For the structural properties, data were gathered
from manufacturing documentation, such as design guidelines and machine specifications.
For the material properties, data were gathered from material databases and technical
datasheets. Here, a maximum of four materials were chosen that represented the outer ends
of a wider range of suitable materials. The material selection was based on the applicable
material properties that were defined for that specific requirement. In this way, we could
limit the amount of data while still providing a fair representation of the whole range of
possibilities for each requirement.

As there were variations in data quality, each data entry in the table was marked with a data
quality score. This score was determined by assessing the data quality and availability, as
described in Table 5.1. The assessments of manufacturing capabilities based on lower data

quality will be less reliable than those based on high-quality data.

Table 5.1. The data quality assessment.

Data Quality Assessment Example
There are sufficient data on structural and material
) properties to define the manufacturing capabilities
1 High- . . ; f SLS has an
ualit for this design requirement. The material data are accuracy of +0.3%
a Y retrieved from standardised testing procedures yorl.on
(ASTM/ISO).
There are insufficient data on structural properties Elastic resins make
. to fully define the manufacturing capabilities for parts with stretchable
2 Medium- . ) ;
uality this requirement. However, a general assessment and rubber-like
a can be made using the limited material data from properties (50D Shore
standardised testing methods (ASTM/ISO). hardness).
There are insufficient data on structural and . -
. . . . This resilient grade of
material properties to define the manufacturing T
3 Low- e : . } FDM nylon is highly
) capabilities for this requirement. Claims are made )
quality ) A . resistant to shocks
on material capabilities, but the available data are :
s _ and fatigue.
qualitative and unofficial.
4 No data There are no data available, the requirement is Insufficient data.

rarely mentioned.

Next, we rated all the additive manufacturing methods on each design requirement to find
to which degree the requirements affect the application of additive manufacturing. This was
performed using the colour-coding system in Table 5.2. The gathered data were presented

in a table where each cell was marked with the corresponding colour code. This gives a
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visual presentation of which requirements limit the application of additive manufacturing
the most for a given part versus which requirements are easily managed. In the next step,
the illustrative case shows how a designer could use this assessment process to estimate
the printability of product parts.

Table 5.2. The colour-coding system for the assessment of additive manufacturing (AM) capabilities

compared to injection moulding (IM) and the assessment of part printability.

Capabilities of Each AM Method
Compared to IM
(See Section 5.3.2)

Printability Score for Each Part
Requirement
(See Section 5.3.3)

Green

Yellow

The capabilities of the AM method are
similar to or better than IM.

The capabilities of the AM method are
somewhat inferior to IM (limitations
to functionality or performance,
especially in the high-end range).

The capabilities of the AM method are
considerably inferior compared to IM,

The part requirement can likely be

met with standard materials and post-
processing. Likely no design adjustments
or verification steps are needed.

Meeting the part requirement requires
more specialised materials and/or
extensive processing. Minor design
adjustments or verification steps would
be needed.

The part requirement is (almost)

Red . . : impossible to achieve. Major design
or the requirement is impossible to changes or verification steps are needed
achieve with this AM method. 9 P ’
The manufacturing capabilities The manufacturing capabilities cannot be
Grey cannot be assessed as data quality or assessed as data quality or availability is
availability is too low. too low.
5.2.3  Setting Up an Illustrative Case

To illustrate how the results can be applied in the design of consumer products, we
performed an illustrative case. The printability of ten exemplary parts from a consumer
product was assessed using the insights from the literature review. The consumer product
and its parts were selected based on their illustrative properties for the analysis process and
their expected printability. The printability of these parts was then assessed by comparing
their part requirements against the manufacturing capabilities from the literature review.
Finally, we concluded what the main points of attention would be when this part would be

designed for both injection moulding and additive manufacturing.

We chose to study a high-end vacuum cleaner as the European Commission is developing
new eco-design regulations for this product category (Cordella et al., 2019; European
Parliament, 2024). Also, the complexity of this product will give valuable insights into the
printability of consumer products and the issues that might be encountered. From this
vacuum cleaner, we chose the following ten parts: the bumper, LED cover, wheel suspension

frame, brush locking cap, back cable cover, hinge, wheel and brush of the floor nozzle, and
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the container and inlet seal of the dustbin. These parts were selected to present a variety of
design requirements and part complexity. Generally, all parts could be fully disassembled
to give a fair overview of the capabilities and limitations of additive manufacturing rather
than of reparability. However, one submodule was selected to explore the challenges that

these submodules might pose for the application of additive manufacturing.

The selected parts were analysed in more detail. First, each part was analysed on the list
of design requirements using visual inspection and a calliper. The observed requirements
and properties were all marked in an annotated photo of the part. This was performed
to see whether all part features were covered by the design requirements table and to
obtain more insight into the interaction between requirements. Then, the part material
was identified through material code observation or Fourier-transform spectroscopy (FTIR)
to give a representable material selection. A representative printing material was selected
for each part based on the applicable requirements and the original material. For this, we
used Supplementary File S1 and additional insights from the material data collection in the

literature review.

We collected and structured the assessment findings in a data table for each part. The
first column listed the design requirements of this study, and the three consecutive
columns noted the part requirements and how likely SLA, SLS, and FDM were to meet
these requirements. This was performed by comparing the requirements for each design
requirement against the capabilities of the manufacturing methods from the previous
step. We then visualised this assessment by applying the corresponding colour code from
Table 5.2. Finally, the bottom two rows of the table listed the major part requirements and
concluding remarks on the estimated printability of each part.

The next section will present the results of these steps. Using these results, we can define
how 3D-printed spare parts can be facilitated in the design phase of the product.

5.3 RESULTS

The relationship between design requirements and manufacturing capabilities was
investigated through two tables. Table 5.3 creates an overview of the design requirements,
and Table 5.4 defines the manufacturing capabilities for these requirements. The insights
from Table 5.4 were then applied in a case to illustrate how designers can use the findings

to facilitate 3D-printed spare parts in the original design.
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Table 5.3. Summary of design requirements, with examples of structural and material properties, for
plastic injection-moulded spare parts. “..." indicates more properties are listed for that requirement
in the full version; see Appendix A for the full version of this table.

Design Requirement

Structural Properties

Material Properties Example

Example
Geometry
Shape 8;’;;?::9 Thermal expansion rate
P Linear mould shrinkage
Minimum wall thickness .
L ) Thermal expansion rate
Minimum feature size . )
Detail Linear mould shrinkage

Accuracy and tolerances

See also: Accuracy and Tolerances

Part tolerance
Part clearance

Thermal expansion rate
Material shrinkage
Linear mould shrinkage

Configuration

Water-/airtightness

Multi-material

Surface finish

Transparency

Wall thickness
Porosity/gaps

Permeability (O,/CO,/N,)

See also: Accuracy and Tolerances, Surface finish

Inserts

Fastening feature/mechanical
bond

Surface smoothness

Surface finish
Surface texture

Microstructure
Wall thickness

See also: Surface finish

Material compatibility
Material shrinkage

Friction coefficient
Self-lubrication

Transparency
Haze

Mechanical requirements

Strength

Flexibility (bend)

Elasticity (stretch/
compress)

Impact resistance

Part/feature size
Wall thickness

Length
Cross-sectional area

Length
Cross-sectional area
Microstructure

Stress concentrators
Wall thickness (optimization)

Tensile strength
Young's modulus

Young's modulus
Flexural strength

Young's modulus
Elongation at break

Fracture toughness
Impact strength (Izod, Charpy)
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Table 5.3. Summary of design requirements, with examples of structural and material properties, for
plastic injection-moulded spare parts. “..." indicates more properties are listed for that requirement
in the full version; see Appendix A for the full version of this table. (continued)

Design Requirement

Structural Properties
Example

Material Properties Example

Abrasion resistance

Fatigue resistance

Creep resistance

Microstructure
Surface roughness

See also: Surface finish

Stress concentrators
Compressive surface stress

Part geometry
Stress concentrators
Fillet/chamfer radius

Hardness
Abrasion resistance (Tabor)

Fracture toughness

Fatigue limit at 107 cycles

Creep resistance
Glass temperature

Thermal requirements

Heat resistance

Cold resistance

Part/feature thickness
Part volume

Part/feature thickness
Part volume

Glass temperature
Heat deflection temperature

Ductile/brittle transition
temperature
Minimum service temperature

Chemical requirements

Water resistance

UV resistance

Chemical resistance

Food safety

Crevices
Porosity/gaps

See also: Detail, Surface finish

Crevices
NEMA-rating

See also: Detail, Surface finish

Crevices
Corner radii

Water absorption
Permeability (O,/CO,/N,)

UV resistance
Indoor stability

Chemical resistance index
Environmental stress crack
index

Food contact grade
Sterilizability

See also: Detail, Surface finish, Chemical resistance
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5.3.1 Design Requirements

The full table of design requirements that designers would use is too long to display here;
it is shown in Appendix A and summarised in Table 5.3. Table 5.3 gives an overview of the
selected design requirements, each with an example of relevant structural and material
properties. This summary table should be sufficient to construct a general definition of

the design requirements.

Appendix A, summarised in Table 5.3, lists a total of 20 requirements that are divided
into five groups. The appendix presents a more complete overview of structural and
material properties for each design requirement, including citations. To give an example,
for the requirement Shape, Appendix A lists nine structural properties (Size, Wall thickness
uniformity, Undercuts/overhang, Horizontal bridges, Internal channels, Part thickness/
shell, Feature spacing, Pockets and cavities, and Draft angles (IM only)) and two material
properties (Thermal expansion coefficient and Linear mould shrinkage). Additionally, the
cross-references in Table 5.3 and Appendix A indicate a larger overlap between design
requirements, such as for Detail and Food safety. Using these requirements, we can define

the capabilities of additive manufacturing in the next section.

5.3.2  Manufacturing Capabilities

The full table of manufacturing capabilities that designers would use is too long to display
here; it is shown in Supplementary File S1 and summarised in Table 5.4. Table 5.4 assesses
the manufacturing capabilities of injection moulding and additive manufacturing for the
design requirements in Table 5.3. Though only a summary, Table 5.4 should be sufficient to

compare the manufacturing capabilities of injection moulding and additive manufacturing.

Supplementary File S1, summarised in Table 5.4, gives a high-level overview of which design
requirements are generally achievable and which ones are more challenging for additive
manufacturing. The supplementary file presents a more detailed overview of the manufacturing
capabilities for each design requirement, including citations. To give an example, for the design
requirement Shape, Supplementary File S1 lists what each manufacturing method is capable
of in terms of form freedom, use of support structures, corners, overhang and bridging,
drainage holes, and common printing defects that affect the shape. From this analysis, we
concluded that FDM printing is less capable of replicating complex geometries than injection
moulding, as FDM printing is more prone to printing defects (Protolabs Network, 2024b). This
meant that FDM printing was marked yellow for this requirement. The capabilities of SLA and
SLS printing were more comparable to those of injection moulding and were, therefore, both
marked green. The design requirements that were marked green for most printing methods
were Accuracy, Heat resistance, and Chemical resistance. Conversely, requirements that were

mostly marked red were Multi-material and Food safety.
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There were variations in the data quality for the various requirements, as indicated by the
footnotes in Table 5.4. For 16 out of 20 requirements, sufficient information was available
to estimate the capabilities of additive manufacturing. This made it easy to determine the
relative capabilities of additive manufacturing compared to injection moulding. Some of
these requirements could be better defined with extended material data. For instance, for
Flexibility, the data sheets report obscure material properties, such as Shore hardness, rather
than more representative properties like Young's modulus or flexural strength. Still, the
relative manufacturing capabilities for these requirements could be estimated through the
available data and observation of the demonstrated material behaviour. For the remaining
four requirements, the data were low-quality or not available. This was mostly the case for
mechanical requirements, such as Abrasion resistance and Creep resistance. For example,
Supplementary File S1 lacks citations for requirement-specific properties for Abrasion
resistance, such as the wear constant or wear rate. As a result, the capabilities of additive

manufacturing for these requirements could not be estimated.

The manufacturing capabilities described in Supplementary File S1 (summarised in Table
5.4) represent the general performance of each manufacturing method using standard
operating parameters. The table should not be seen as a look-up table, nor is it depicting
the ultimate performance of additive manufacturing. Instead, it helps designers to evaluate
which areas require more attention during the (re)design phase. For example, while injection
moulding can achieve very high accuracy, in most cases, its accuracy is comparable to
that of industrial-level additive manufacturing. This means that accuracy will only be a
point of attention for specific features that require high accuracy, such as press fits and
snap fits. These part features can likely still be achieved with additive manufacturing, but
they will need more careful design optimisation. These assumptions were verified in the

illustrative case.
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5.3.3 Illustrative Case

Figure 5.1 shows the ten exemplary parts of the vacuum cleaner that were selected to
illustrate the use of the table. The manufacturability of these parts as 3D-printed spare parts
was assessed by comparing their part requirements against the manufacturing capabilities
in Table 5.4. The results are presented below in Tables 5 and 6. The full study on the
printability for each part, which discusses the applicable requirements and printability
scores in more detail, can be found in Supplementary File S2. The assessment presented

below is intended to provide an overview of part printability.

1. Floor nozzle bumper

2. Floor nozzle LED cover

3. Floor nozzle brush

4, Dustbin container

5. Floor nozzle locking
cap

6. Dustbin inlet seal

7. Floor nozzle cable
cover

8. Floor nozzle hinge

9. Floor nozzle wheel

10. Wheel suspension

Figure 5.1. Parts selected for the illustrative case.
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The overview in Table 5.5 and Table 5.6 presents how Table 5.4 has been used to identify

potential tensions between the part designed for injection moulded and the 3D printed

spare part (without any redesign). If a part is green for all relevant properties, 3D printing is

expected to be straightforward. If a few indicators are yellow, a redesign is likely needed.

Red indicates that the part cannot be 3D printed without extensive redesign. Below, a few

examples of ratings are discussed to illustrate the assessment process. It should be noted

that the assessments below are based on assumptions, whereas product designers would

be able to make these assessments more accurately.
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For the floor nozzle bumper, the part requirements for Shape and Detail are easy to
achieve. There is no overhang or other complex geometry, and the part details range
between 1 and 2 mm. This is well within the capabilities of additive manufacturing,
as all manufacturing methods can print a detail size of around 1 mm. Therefore,
these requirements are rated green.

For the floor nozzle brush, the part requirements for Multi-material are almost
impossible to achieve. The part has numerous subcomponents made from different
materials and assembled through moving connections. The brush could be printed
as separate components up to a certain point, but the overmoulded bristles will be
impossible to replicate with additive manufacturing. Therefore, this requirement is
rated red.

For the dustbin inlet seal, the part requirements for Flexibility and Elasticity will
be difficult to achieve. The part requires the properties of a soft and stretchable
elastomer, as it needs to stretch and compress during installation and removal.
Both SLA and FDM printing offer soft and stretchable elastomers; however, without
further testing, it is not possible to verify whether these materials can meet these
specific part requirements.

For the wheel suspension, the specific combination of part requirements will be
challenging to achieve. The snap-fits require a tailored combination of strength,
flexibility, accuracy, and surface finish in a localised section of the part. Conversely,
the section of the part that connects to the rotating wheel axle requires very high
abrasion resistance and a smooth surface finish. Even if each requirement is feasible
separately, the designer should still be mindful of the trade-offs and synergies

between the part requirements, as reflected in the concluding remarks.



5.4 DISCUSSION

The results show that additive manufacturing has potential for spare parts production,
but specific design considerations are needed for many of the requirements. Additive
manufacturing is generally well-suited for requirements like Accuracy, Heat resistance,
and Chemical resistance. Only a few of the identified requirements, like Multi-material and
Food safety, will always be challenging with additive manufacturing. This can also be seen
in the illustrative case. Although only the floor nozzle bumper printed in SLA is completely
marked green, there are rarely any squares marked red. Most parts score a mix of green
and yellow. This suggests that additive manufacturing is not simply a drop-in replacement
for injection moulding, but most of the challenges posed by the design requirements
could be overcome through careful design. For legacy parts or redesigns, it is a question
of how much design time and effort the part is worth. However, for new product designs
with increased design freedom, the tables can guide designers on how to facilitate printed

spare parts in the design of the parts.

Table 5.4 highlights where specific design attention may be required. Designers can find
which of the requirements for a particular spare part might need more careful design
consideration by comparing the part requirements against the manufacturing capabilities
in Table 5.4. Designing the part can go in two directions:

e The original part is designed to be suitable for both injection moulding and additive
manufacturing;

e Two different yet interchangeable part designs are made, with the original part
optimised for injection moulding and the spare part optimised for additive

manufacturing.

How challenging the (re-)design process will be depends on the gap between part
requirements and manufacturing capabilities, colour-coded green/yellow/red in Table 5.4.

Most of the relevant design requirements that drive the design for both injection moulding
and additive manufacturing are listed in Table 5.3. While there are potentially an infinite
number of design requirements, the illustrative case demonstrated that most requirements
are covered by a limited number of requirements. Indeed, most parts in the illustrative case
were driven by a small subset of Table 5.3's properties. This indicates that the design for
3D-printed spare parts could mostly be managed by developing design strategies for the

more common design requirements.

Still, designers should consider what other requirements might be relevant to their part.

It could be that specific parts have requirements that are not commonly encountered in
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consumer products, such as electrostatic discharge (ESD) resistivity, vibration dampening, or
cleanability for sterilisation. Additionally, part requirements could go beyond the technical
functioning: user experience can be equally important, especially for cosmetic parts. For
example, the transparency of the dustbin, in this case, is technically not required, as the
product would still work without it. However, it might affect the user experience, as users
can only check the contents of the dustbin after removing it first. This is different from
the transparency required by the LED cover. This cover protects an LED strip at the front
of the floor nozzle, whose directional beam of light is used to reveal hidden dust and dirt.
Omitting the transparency of the cover would, therefore, affect the product performance.
Other experiential requirements could include certain visual or tactile experiences. In most
cases, these additional requirements will be related to the properties and requirements
already defined in Table 5.3. For example, the gloss of a part is related to the surface finish
and corresponding properties such as the refractive index.

While the design requirements are listed separately in these tables, it is important to realise
that a part is defined through the combination of requirements. Often, part properties are
related to more than one design requirement. For example, the friction coefficient of a
material is related to both surface finish and abrasion resistance. This interaction between
design requirements can also be seen in the illustrative case. In this case, the snap-fits of
the wheel suspension combine flexural strength and semi-rigid flexibility, and the soft-touch
finish of the wheel combines surface finish, flexibility, and elasticity. Therefore, it is not
sufficient if a manufacturing method has good scores for just a few design requirements.
The whole range of applicable design requirements should be considered when enabling

3D-printed spare parts in the part design.

Some design requirements will be more difficult to combine than others. For example, the
dustbin, in this case, requires a combination of transparency and impact resistance. Only
SLA can manage near-optical transparency, but transparent SLA resins are known to be
more brittle than opaque resins. So, while SLA scores relatively well on both transparency
and impact resistance in Table 5.4, this part will still be challenging to design due to the
combination of requirements. Similarly, combining food safety and fine details will be
challenging, as there is no additive manufacturing method in Table 5.4 with high scores for
both. As such, the specific combination of design requirements in a part can also influence
which additive manufacturing method should be used or whether any are viable.

Future technical developments could shift manufacturing capabilities. Requirements that
are difficult or (near)-impossible to achieve, such as transparent SLS printing, could become
more accessible. As the capabilities of additive manufacturing expand in the future, it will

become easier to facilitate 3D-printed spare parts in the design of injection-moulded parts.
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Of course, if products or their major components are not practical to repair even with
perfect spare parts, it does not make sense to consider additive manufacturing for the
production of spare parts. Design for repair should be prioritised over 3D-printed spare
parts for products that are not suitable for repair.

5.3.4 Limitations and Recommendations

The varying availability and quality of data on additive manufacturing methods and materials
made it difficult to make an accurate comparison between additive manufacturing and
injection moulding. The material properties in the technical datasheets used different data
units and were not obtained by the same testing methods, testing conditions, and testing
standards. Also, the information in the technical datasheets was not always sufficient to
assess additive manufacturing capabilities for certain requirements. Moreover, it is not
sufficient to rely on material data alone. The manufacturing process and printing settings
will also influence most of the design requirements, but these insights were not always

available.

More research is needed to obtain data on the capabilities of additive manufacturing for
the design requirements that are currently inconclusive or have poor data quality. This
will help to better determine to what extent particular design requirements can be met.
Achieving this goal requires a collaboration between industry and scientific research and
possibly an update of industry standards. Until more data are available, it is recommended
that designers do additional testing and collaboration with material developers to overcome
the lack of insight or limit themselves to well-understood solutions. Further research could
also consider a broader range of materials and processes for the production of spare parts,
using the insights from this study. Additionally, to make the information enclosed in this
paper more directly applicable to designers, we recommend that further research focuses
on creating design guidelines to help designers navigate the design challenges that were
identified in this study.

5.4 CONCLUSION

The aim of this study was to find how the production of 3D-printed spare parts can be
facilitated in the design of plastic parts. This study shows how additive manufacturing has
the potential to produce spare parts for the plastic parts in consumer products. However,
itis not a simple drop-in replacement, is sometimes impossible, and usually requires some
part redesign or careful selection of the additive manufacturing method and material. To
support designers, a good understanding of the design requirements and manufacturing
capabilities for both methods is needed, as presented in this study. The manufacturing

capabilities in Table 5.4 (Supplementary File S1) will help designers estimate how challenging

135



the adaptation will be and, thus, whether it is worth their time and effort. The colour-
coding in this table, which represents the differences between injection moulding and

manufacturing, can also help designers to optimise their design for 3D-printed spare parts.

When designing printed spare parts, designers should always consider the trade-offs and
synergies between design requirements and the challenges that could arise from trying to
meet combinations of certain requirements. Rather than a single complex requirement, it
will be the complexity of the design that will make it difficult to design a printable spare part.
This represents a larger design challenge, where designers need to be fluent in both design
for injection moulding and design for additive manufacturing to be able to adapt the design
correspondingly. By realising printed spare parts for easier parts first, we can optimise the
design process and find ways to make designers more familiar with the process. Moreover,
designers should ensure products are easily repairable before considering 3D-printed spare
parts. Considering the production of spare parts during the design process is the next step

in designing a repairable product and preventing waste.
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5.5 APPENDIX A

Below, Table Al gives examples to illustrate the design requirements, as well as structural

and material properties, that designers should need to take into account. This table does

not pretend to be comprehensive, as there are too many design variables and properties

that would need to be discussed. For some properties, the depth of study was limited.

Especially for water tightness, it was difficult to find qualitative sources to cite, despite the

common knowledge in industry. For these properties, data was selected from less rigorous

sources, such as blog posts and material datasheets.

Table Al. The selected design requirements, with corresponding structural and material properties,
for plastic injection-moulded spare parts.

Design
Requirement

Structural Properties Material Properties

Geometry

Shape

Detail

Accuracy and
tolerances

Size 27

Wall thickness uniformity 3681t
Undercuts/overhang 258101215
Horizontal bridges ***

Internal channels 4121416

Part thickness/shell °*

Feature spacing '

Pockets & cavities ©

Draft angles (IM) 23691017

Thermal expansion rate -2
Linear mould shrinkage **

Minimum for
BOSSeS 36,8911
Rle 3,8-11,15
Gussets 8911
Rad” 2,3,810,11
F|“et$ 3,4,6,8-10,15,17
Parting line (IM) %1
Snapfits 3915
Minimum wall thickness 2461217
Wall profiles *° Thermal expansion rate 11522
Minimum feature size 451216 Linear mould shrinkage **
Pin diameter 5613
Supported wires ’
Unsupported wires ”
Supported walls >3
Unsupported walls 5743
Embossed/engraved detail 757
TeXt 4,6,9,14,15
HoleS 5,6,13-15,17
Gaps 6,15,17

Part tolerance 568151517

Part clearance 57131416

Maximum wall thickness ¢

Hollowing 4

Surface area 51315
Interlocking/single-build assembly “*41©
Minimum feature size 24

Size %

Thermal expansion rate -2
Linear mould shrinkage *°
Material shrinkage
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Table Al. The selected design requirements, with corresponding structural and material properties,

for plastic injection-moulded spare parts. (continued)

g:;:.lgi?em ot Structural Properties Material Properties
Configuration

Geometry complexity 42

Wall thickness 2%

Surface finish 257
Water-/ IP-rating 2¢ Permeability (O,/CO,/N,)
airtightness Interfaces #

Seal/gasket design 2

Porosity/gaps ¥

See also: Accuracy and Tolerances, Surface finish

Inserts 92°
Fastening feature/mechanical bond #°
Surface smoothness 2°

Multi-material

Surface finish 2-46.14-17.30

surface finish Surface texture *°

Microstructure*

Wall thickness +3

Surface finish 332

Wall thickness uniformity
Gradual transitions *2
Release slope *?

Geometry complexity

Transparency

See also: Surface finish

Material compatibility 2°

Material shrinkage

Friction coefficient/surface roughness #
Wear resistance #

Friction coefficient'®
Self-lubrication

Transparency 192

Haze %

Luminous Transmittance *
Diffuse Transmittance 33
Refractive index 41933
Absorption coefficient*

Mechanical requirements

Microstructure*
Hardness!
Cross-sectional area !
Stress concentrators *
Part/feature size#

Wall thickness 14:34-36
Maximum wall/section thickness 3435
Rib use 34-3¢

Fillet/radii use 53¢
Gusset use 3436
Transition smoothness **

Strength

Length*
Cross-sectional area*
Wall thickness 44
Microstructure “

Flexibility
(bend)

138

Tensile strength 118-22.33.57-40
Young's modulus 118-2233.37-40
Elongation at break 19-22.33.37-40
Flexural strength 192022335738
Flexural modulus 19:20-22:33:37.38
Specific strength ¥

Flexural Stress at 5% Strain 2
Porosity &

Young's modulus *18-22.3337-40
Flexural strength 192022.3337.38
Flexural modulus 192022353738
Elongation at break 19-22.33.37-40
Elongation at yield 12138
Shear modulus “81°

Hard ness 20,22,33,38,42



Table Al. The selected design requirements, with corresponding structural and material properties,
for plastic injection-moulded spare parts. (continued)

Design
Requirement

Structural Properties

Material Properties

Elasticity
(stretch/
compress)

Impact resistance

Abrasion
resistance

Fatigue resistance

Creep resistance

Length?®
Cross-sectional area*
Microstructure *

Part geometry 4+

Corner radii 454748

Stress concentrators #

Notch size/radius & placement 4548
Hole size/radius & placement #
Fillet radius & use *

Rib use 4546

Wall thickness (optimization) 454648
Part shape/roundness %

Part feature/size and location #°
Part thickness 4©

Part internal structure 48

Microstructure *

Surface roughness 14°

Contact area surface roughness *4°
Coating/surface treatment #°
Lubrication +4°

See also: Surface finish

Stress concentrators *
Compressive surface stress *
Surface finish/roughness *
Wall thickness *

Part geometry %
Stress concentrators %
Fillet/chamfer %

Young's modulus 118-22:33,57-40
Tensile strength18-22.33.37-40
Elongation at break 19-22:33:57-40
Yield strength*18-22.38
Hardness 1,18-22,33-40
Material-specific stiffness*®
Bulk modulus 8%
Compressive modulus*®
Compressive strength®®
Compression set 2040
Poisson’s Ratio *°

Elastic stored energy*®
Resilience (Bayshore) 224044
Tear strength 202240

Stress at 50% elongation 2240
Stress at 100% elongation 2240
Stress at 150% elongation #°

Fracture toughness 181
Fracture strength ®

TOUghI’]eSS 1,18,19,21

Ductility index ¥

Impact strength notched 192022.38.39
Impact strength unnotched 1223839
Impact strength (Izod, Charpy) 222

Tear strength 202240

Flex fatigue (Ross) 2240

Resilience (Bayshore) 224044

Maximum Stress Intensity Factor (K )
Work of Fracture (W,)

Hardness 1,18-22,33-40

Abrasion resistance (Tabor) %
Friction coefficient 1
Archard wear constant 8
(Specific) wear rate *18
Self-lubrication ¢

Fracture toughness*

Fatigue limit/strength at 107 cycles 181°
Fatigue endurance

Yield strength 18.19.21.22.38

Tensile strength 116-2233.38

Melting point 842

Notch sensitivity °°

Porosity

Isotropy

Creep resistance 820

Glass temperature +°°
Maximum service temperature !
Creep modulus +*°
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Table Al. The selected design requirements, with corresponding structural and material properties,
for plastic injection-moulded spare parts. (continued)

Design . . .
Requirement Structural Properties Material Properties
Thermal requirements

Melting temperature 1181
Glass transition temperature 18.19.21.22.35-39
Ductile/brittle transition temperature 53
Heat deflection temperature 19-22.33-39
Vicat softening point 192022
Continuous service temperature 2
. Part/feature thickness * Maximum service tgmﬁselrjztlure e

Heat resistance Part volume Thermal conductivity 18+
Specific heat 1819
Heat capacity *
Thermal expansion coefficient 18-22.35.38.59
Thermal shock resistance 1819
Thermal distortion resistance *°
Thermal diffusivity 418
Flammablllty 1,18,19,22,33-39

Ductile/brittle transition temperature 253
Glass transition temperature 181921223539
Toughness at low temperature 2
Continuous service temperature 2
Minimum service temperature 18192t
Part/feature thickness * Thermal conductivity 118192t
Part volume * Specific heat *18.1°
Heat capacity *
Thermal expansion coefficient 18-22.33.38.39
Thermal shock resistance 11819
Thermal distortion resistance *°
Thermal diffusivity 18

Cold resistance

Chemical requirements

Water absorption 19-22.38.39
Water vapor transmission *°
Permeability (O,/CO,/N,)
Humidity absorption
Resistance to water*°

Crevices*
Wall thickness?’

Water resistance  Porosity/gaps®’
Surface finish %

See also: Detail, Surface finish

UV resistance 1192

Radiation absorption/dissipation factor **
Indoor stability ¢

Outdoor stability %

UV resistance —

Resistance to acids +9223°
Resistance to alkalis 1122259
Resistance to organic solvents +19:223°
Resistance to oxidation *°
S Resistance to radiation *
) Crevices Resict to fuels!

Chemical NEMA-rating % esistance to fuets

resistance Res!stance to oilst
Resistance to alcohols and aldehydes *
Chemical resistance index *
Environmental stress crack index **
Oxygen index *°

See also: Detail, Surface finish



Table Al. The selected design requirements, with corresponding structural and material properties,
for plastic injection-moulded spare parts. (continued)

Design

Requirement Structural Properties Material Properties

Surface finish 56
Cleanability *°
Crevices °>°¢

Ridges %6 Food contact grade*®

Corner radii * Sterilizability (ethylene oxide/radiation/
Food safety Screw threads *° steam‘autoclgve) 19212256

Dead zones *® Chemical resistance

Drainability °¢
Shaft passages and seals *®
Porosity ¢

See also: Detail, Surface finish, Chemical resistance

1 Ashby et al.,, (2014), ? Protolabs, (2024a), > Xometry, (2024b), * Materialise, (2024c), > Xometry Pro,
(2023b), ¢ Xometry, (2024c), 7 Manuevo, (2024), ¢ Xometry Pro, (2023a), ° Geomiq, (2024), 1° SyBridge
Technologies, (2021b), ** Protolabs Network, (2024c), *2 Protolabs, (2024b), ** Protolabs Network, (2024a),
4 Materialise, (2024b), > Xometry, (2024a), ¢ Materialise, (2024a), ¥V Xometry, (2024d), *® Ashby, (1999),
19 ANSYS, (2023), 2° Formlabs, (2024),  Omnexus, (2024), %> Formlabs, (2023), 2* Protolabs Network,
(2024b), 2* Xometry Pro, (2023c), ?° Koci, (2021), 2 Koci, (2024), # UltiMaker (2024), %6 Brown (2022), #°
SyBridge Technologies (2021e), 3° ICOMold (2024), 3! SyBridge Technologies (2021b), % Zetar, (2022), 33
3D Systems Inc. (2020), ** Protolabs (2024a), ** SyBridge Technologies (2021a), ** Xometry Pro (2023b), ¥
Senvol LLC (2024), 38 3D Systems Inc. (2023), *° Formlabs (2023a), “° Formlabs (2023c), # BCN3D (2024), #?
Xometry Pro (2023d), > Schumacher et al. (2015), ** Team Xometry, (2022), ** Covestro (2016), *¢ Rutland
Plastics (2024), 7 SyBridge Technologies (2021d), 46 Plasticprop (2024), *° Lee (2023), *° Ashby & Jones
(2012), ** Seki et al. (2007), *? SyBridge Technologies (2022), ** Zeus Industrial Products Inc. (2005), **
Ensinger (2024), >> Directive 2006/42/EC, *¢ Curiel (2003).
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ABSTRACT

Using additive manufacturing for the production of spare parts can increase their availability
while preventing overproduction and storage costs. To facilitate the design of printed spare
parts, the focus should be on achieving the same function rather than an exact replication
of the original part. This study aimed to develop a method ensuring in the early stages of
the design process that the injection-moulded original part and 3D-printed spare part
will be functionally equivalent. We explored how this equivalent design process could
look like by adapting a general design structure to consider two manufacturing methods.
The resulting design approach will help designers to evaluate the impact of their design
decisions on part manufacturability. This approach makes the most sense in the original
part design, but it can also be used to redesign existing parts. As this design approach
is relatively novel, we also propose two design tools to help designers throughout the
process. Both the design process and tools were further explored in two case examples.
This showed that considering the capabilities of both manufacturing methods during each
design decision can ensure that the injection-moulded original part and 3D-printed spare
part will be functionally equivalent.



6.1 INTRODUCTION

Through our fast and linear consumption, the amount of waste from consumer products is
rapidly increasing (Dewberry et al., 2016). To prevent this increase in waste a move towards
more circular strategies such as product repair has been suggested (Ellen MacArthur
Foundation, 2013; Ghisellini et al., 2016; Terzioglu & Wever, 2021). By facilitating repair,
we can slow down the flow of resources (Bocken et al., 2016) at a lower rate of required
investment than other recovery strategies (Scott & Weaver, 2014).

A significant barrier to repair is that spare parts are often unavailable once the initial
production has ceased (Sajn, 2022; Zhang et al., 2021). This means consumers can typically
only repair their products for a limited time, generally around two years (Hernandez &
Miranda, 2020). To enable the repair of products the availability of spare parts must increase.
At a European level, there are eco-design measures to extend the availability of spare parts
for up to seven to ten years after the last market release (Directive 2024/1799, 2024; Sajn,
2022). Nonetheless, predicting how many spare parts will be needed is challenging and
prolonged storage can be costly (Odedairo, 2021; Yang & Niu, 2009).

With additive manufacturing, spare parts can be produced long after traditional storage
becomes impractical (Kim et al., 2019). Instead of maintaining a physical inventory, spare
parts can be stored online and produced on demand (Péres & Noyes, 2006; Zanoni et al.,
2019). This approach will save costs and reduce waste from unused parts while supporting
the repair of a product almost indefinitely (Holmstrom & Gutowski, 2017). Since most
product parts are not designed with additive manufacturing in mind, using printed spare
parts often increases the design workload (Holmstrém & Gutowski, 2017). The part must be
redesigned to account for the characteristics of the new manufacturing process (Despeisse
et al., 2017). However, there are limited opportunities to modify a design once it has been
produced (Salmi & Pei, 2023). Therefore, the use of two manufacturing methods should
already be considered in the initial product design (van Oudheusden et al., 2024).

Current design methods focus on designing for a single manufacturing method, or at most,
how to adapt a design from one manufacturing method to another. For example, Pahl et al.
(2007) proposes a systematic design approach where the manufacturing method is used to
set the technological constraints. This could be useful when expanded to two manufacturing
methods, but it does not consider how the differences between these methods could be
overcome. To that end, Diegel et al. (2019) distinguishes three design approaches when
using additive manufacturing: direct part replacement, adapt for additive manufacturing,
and design for additive manufacturing. However, none of these design approaches is suited
for the initial design of a product as they all focus on redesigning an existing part. Instead,

a new design approach is needed that focuses on achieving the same functionality with
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two different manufacturing methods. Ensuring this functional equivalence in the early
design stages will reduce the design workload while allowing sufficient room for design
optimisation. Therefore, this paper addresses the following research question: how can a
designer enable in the early stages of the design process that the injection-moulded original

part and 3D-printed spare parts will be functionally equivalent?

To answer this question, we combined insights from literature and previous research to
explore what a possible design process could look like. We then linked our results to earlier
insights to create two tools to support the design process. Additionally, we performed two
case examples to illustrate and evaluate the results.

6.2 METHOD

6.2.1  Setting up the design process structure

We set up the new design process by exploring how a standard design process could be
adapted to work with two manufacturing methods. First, a general working structure was
selected to represent a standard design process. The working structure we chose for this study
was the design process framework by Pahl et al. (2007). This framework was constructed based
on extensive research on design methodology, making it a systematic and comprehensive
design approach. We defined two approaches to adapt this working structure, using the
terminology by Diegel et al. (2019). This work was used as it is a fundamental work on design
for additive manufacturing. The most optimal approach was selected based on what would be
most beneficial in terms of manufacturing costs. To adapt the general working structure, we
added, merged, and rephrased its design phases and defined possible process steps for each
phase. The resulting design process was iterated and validated through the case examples.

6.2.2 Developing design tools

We developed two design tools to support designers in creating functionally equivalent
parts. One is a function identification tool that helps designers determine the exact function
of a part, regardless of the manufacturing method used. The other is a design ideation tool
to give designers an example of how design challenges could be solved.

The function identification tool gives an overview of possible part functions. To create this
overview, we listed the functionalities of various consumer electronics, such as a blender
and a vacuum cleaner. After this list was deemed exhaustive, the part functions were
matched with the design requirements in van Oudheusden et al. (2024). In that study, the
design requirements were used to document and compare the manufacturing capabilities
of injection moulding and additive manufacturing. By matching the functions to part

requirements and reviewing the corresponding manufacturing capabilities, it becomes
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easier for designers to identify potential design challenges. Similar part functions were
then grouped into function categories and the results were presented in a table for easy

use during the design process.

The design ideation tool provides design strategies to overcome the differences between
injection moulding and manufacturing. To generate these design strategies, we reviewed
the design experiences of 104 students from two workshops, using the workshop setup
as described in van Oudheusden et al. (2023). We listed the strategies that were used
to address any design challenges and expanded on this list via further design ideation
and through the design work in the case examples. The main focus here was to identify
design strategies that could overcome or prevent any challenges in the design process. The
resulting design strategies were then compiled into a table with examples. This overview
was subsequently verified by comparing it to literature that detailed the design of printed
spare parts (e.g., Chekurov & Salmi, 2017; Park, 2015; Terzioglu, 2021; Terzioglu et al., 2016;
Terzioglu & Wever, 2021).

6.2.3 Case examples

The case examples were used to illustrate and test the developed design process and tools
to design functionally equivalent parts. We defined two design cases, one based on original
design and the other on adaptive design. Original design goes through all phases of the
design process to create a new part design, whereas adaptive design adjusts an existing part
design to meet changed requirements (Pahl et al., 2007). We followed the proposed design
process for both cases and documented when and how we applied the design tools. For
both case examples, only the use of stereolithography (SLA), selective laser sintering (SLS),
and fused deposition modelling (FDM) were considered as these printing methods are the
most common and have the highest part quality (Salmi & Pei, 2023).

For the original design case, we selected the roller brush of a vacuum cleaner nozzle. This
part was chosen since current designs are generally unsuitable for additive manufacturing.
As such, there is potential in the equivalent design process to generate a more feasible
design. Since this case focuses on original design, a variety of designs was used to determine

what general requirements the part should meet.

For the adaptive design case, we selected the transparent lid of a vacuum cleaner dustbin.
This part was chosen as the combination of part transparency and impact resistance is
challenging to achieve with additive manufacturing. Since this case focuses on adaptive
design, an existing part design was selected as a starting point for the functional analysis.
This existing design was also used to create the concept design in the next phase, similar

to how Pahl et al. (2007) describes adaptive design.
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6.3 RESULTS

6.3.1 Design process
To set up a new design process, the design process framework of Pahl et al. (2007) was
taken as starting point. This framework distinguishes the following main phases:

e Planning and task clarification: specification of information
«  Conceptual design: specification of principle solution (concept)
«  Embodiment design: specification of layout (construction)

e Detail design: specification of production.”

It is not always possible to draw a clear boundary between these main phases or to avoid
backtracking. Instead, designers should be flexible while applying the process and adapt it
to the specific design problem (Pahl et al., 2007).

When designing for both additive manufacturing and injection moulding, two design
approaches can be distinguished. Following the terminology of Diegel et al. (2019), in
‘Direct part replacement’, one design is generated that can be manufactured with both
manufacturing methods. In ‘Design and adapt’, two potentially different designs are
created that are functionally interchangeable. By comparing these two approaches, we

can determine which approach works best to design functionally equivalent parts.

For ‘Direct part replacement’, the design process would be similar to the standard design
framework. The only difference would be that the available design space for the part would
be reduced. Here, we define design space as the combination of materials and process
conditions (Bastogne, 2017). The available design space is set by the boundaries of each
design variable (Christensen & Bastien, 2016). For direct part replacement, the design should
fit within the capabilities of two manufacturing methods instead of one, likely resulting in
a smaller design space. The extent to which the design space is reduced, depends on the
manufacturing methods and part requirements. The advantage of direct part replacement is
that designers will be more familiar with the design process. They can design parts as usual,
taking into account the reduced design space. The drawback of direct part replacement
is that parts will not be fully optimised for their respective manufacturing methods. For
certain part requirements, there can be relatively large gaps between the manufacturing
capabilities of injection moulding and additive manufacturing (van Oudheusden et al.,
2024). To accommodate these gaps, the injection moulded part would likely have to be

overengineered, leading to higher cost and material use.
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The '‘Design and adapt’ approach would be a more novel design process. Instead of a single
design space, a designer would have to work across two design spaces. To streamline
this process, the designer must prioritise one of the manufacturing methods to set the
first design space. The second design space can then be determined by adapting the first
design space to the secondary manufacturing method. The overlap between the design
spaces depends on the specific part requirements and the gap between the capabilities of
the chosen manufacturing methods. The advantage of the ‘Design and adapt’ approach is
that there will be sufficient design space to optimise each part design to their respective
manufacturing method. The drawback is that this leads to more design work and related
costs. However, these might be paid back in the optimisation of the injection-moulded
parts. As injection-moulded parts have large production volumes, even small savings will

have a large effect.

As '‘Design and Adapt’ shows the best potential for optimising manufacturing costs, we
chose to integrate this approach. The framework by Pahl et al. (2007) was consequently
adapted, resulting in the design process in Figure 6.1. This shows an iterative design process
with five phases: Design specification, Manufacturing priority, Conceptual design, Test
and Adapt, and Embodiment and Detail design. Here, the Design specification phase is
an adjustment of the planning and task clarification phase in Pahl et al. The planning and
task clarification phase covers the entire design project, while our focus is specifically on
the part design. The Manufacturing priority and Test and Adapt phases are added to the
framework to reflect the ‘Design and Adapt’ approach. Finally, the embodiment and detail
design phases are merged as the design process closely aligns with a standard design

workflow at this stage. In the next subsections, these phases are explained in more detail.

6.3.1.1. Design specification

The Design specification phase studies the intended functionality of the part and results
in a list of design requirements. By observing the part functions in more detail, and
linking these to relevant part requirements, designers can find and highlight any potential
design challenges. Using these design challenges, it can be determined what additive
manufacturing method would be most suitable and, in the next phase, what manufacturing

method should have design priority. Below, we propose what steps this phase could include.
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Design specification !
Determine the part functions and related design
requirements through functional analysis.

Manufacturing priority
Determine which of the two manufacturing methods has
priority in the design.

%
Conceptual design 2
h“ﬁ\ Ideate design solutions and choose the best solutions
— for the primary manufacturing method. Use this to create
the primary design concept.
Test and Adapt 2

@ Test which, if any, design choices need to be adapted to

the secondary manufacturing method. Use this to create
the secondary design concept.

Embodiment and detail design

f ‘1;\ 1 Develop and define each part design in parallel and
il 10 _ optimise both designs for their respective manufacturing
- - method.

1 See Function identification tool (Table 1)
2 See Design ideation tool (Table 2)

Figure 6.1. The equivalent design process workflow with all design phases needed to design
functionally equivalent parts when designing for two manufacturing methods, as indicated by
the two differently coloured arrows. Usually, one of the manufacturing methods will be prioritised
over the other.

First, part functions are determined through functional analysis, which could be through
annotated sketches or the function analysis and system technique (FAST) diagram
(Bytheway, 1964, as cited in Borza, 2011). Estimating how critical these functions are for the
general product functionality of the product makes it easier to prioritise design decisions
in later phases. Next, part functions are related to part requirements to find a suitable
additive manufacturing method. For this, the analysis by van Oudheusden et al. (2024)
could be used to assess whether the part requirements fall within the capabilities of a
certain manufacturing method. This comparison also reveals potential design challenges
by highlighting part requirements that could be difficult to meet. For example, while SLA
printing can produce tough or transparent parts, achieving both simultaneously is difficult
as transparent SLA parts tend to be brittle (Protolabs Network, 2024).

Manufacturing priority

Since the equivalent design approach works with two design spaces, it is recommended to
decide which manufacturing method is prioritised in the design. This choice can be made
for the overall part or specified per function. The design challenges that were identified

previously can be used to prioritise the appropriate manufacturing method.
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Considering the manufacturability, it is likely that additive manufacturing will be prioritised
for most part functions. This method is less suited to common design practice and often
has limited performance compared to injection moulding (van Oudheusden et al., 2024).
It will be easier to adapt a simpler design to a more versatile manufacturing method than
the other way around. The prevalence of additive manufacturing for prototyping during

product development may also drive designers to prioritise this manufacturing method.

Based on common practice, injection moulding could also get design priority. This
manufacturing method is currently the industry standard and designers are more familiar
with this method. There is also more literature and experience on adapting an injection-
moulded part to additive manufacturing than vice versa, so this workflow could be easier
for designers to integrate. Since mass production of the part will be done with injection
moulding, optimising the design primarily for this manufacturing method will also have
bigger effects on both cost and sustainability impact. It is up to the designer to choose their

manufacturing priority, based on manufacturability and personal preference.

6.3.1.2. Conceptual design

In the Conceptual design phase, the designer works on a design synthesis to fulfil the part
functions found in the analysis phase. This involves finding suitable working principles for
the identified functions and combining these into working structures (Pahl et al., 2007). The
relations to other parts and the overall product architecture should also be considered, as
identified in the functional analysis. Designers can then choose the optimal design solutions
based on the capabilities of the prioritised manufacturing method. Combining these design

choices leads to the initial synthesis of the primary design concept.

6.3.1.3. Testand Adapt

The Test and Adapt phase is essentially an iteration of the concept design phase but with a
stronger focus on the secondary manufacturing method. The design approach in this phase
is similar to that of adaptive design. In adaptive design, the manufacturing process and form
of the part might be changed, but the part function and how it fits into the product remain
the same (Diegel et al,, 2019). Instead, the emphasis is on geometrical, production and
material issues (Pahl et al., 2007). Similarly, the Test and Adapt phase uses the function and
fit of the primary design concept as a starting point for the secondary design concept. This
ensures the two design concepts are sufficiently similar to facilitate functional equivalence

while both designs consider their respective manufacturing capabilities.

When evaluating the primary concept design against the capabilities of the secondary
manufacturing method, the main focus is to adapt any design choices that are not technically

feasible. Designers can also choose to adapt choices to use unique manufacturing
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capabilities or to optimise the design. The adapted design choices can then be used to
create the secondary design concept. This can range from minor adjustments of the

primary design concept to a full second design synthesis as described in the previous phase.

The Conceptual design and Test and Adapt phases should be iterated if needed until the
functional requirements of the part are met and a clear understanding of the final design

structures is formed.

6.3.1.4. Embodiment and detail design

Once the concept designs for both manufacturing methods have been established, there
will be little interaction between them. The designer will work separately on each design
to optimise it for its specific manufacturing method. In this phase, the design approach
is the same as with conventional design. The embodiment design develops the design
concept of the previous phase into a final product layout. This is done to where subsequent
detail design, which includes design finalisation and documentation, can lead directly to
production (Pahl et al.,, 2007).

The design can be optimised for numerous factors, including cost, production time, ease of
manufacturing, weight, and material use. The exact strategies for part optimisation depend
greatly on the design and manufacturing methods. It is important to note that optimising
the design of one part might require adjustments to the other part as well. As such, even
though the part designs are largely independent, it is still important to consider how they

are interlinked.

6.3.2 Design tools to support the design process

As this equivalent design approach is relatively novel, designers will need additional tools
to support them. These tools will help designers save time while working on parallel
configurations and overcome challenging design issues. Below, we propose two design
tools. The first tool is a function identification tool that can help designers to identify
specific functions for their parts and link these to relevant design requirements. The second
toolis a collection of design strategies that will help designers to find design solutions when

ideating across two design spaces.

6.3.2.1. Function identification tool

The function identification tool in Table 6.1 links part functions to design requirements
that can be expected for that function. Although the part functions listed in this table are
not exhaustive, the list is sufficiently comprehensive for the design of most consumer
electronics. Similarly, the expected design requirements in the last column should serve

as a starting point, rather than the definitive requirement list.
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The function identification tool helps designers to list all the required part functions during
the design specification phase. The first two columns can be used to identify part functions
in the functional analysis. Subsequently, the design requirements in the final column can
be used to find what manufacturing capabilities are required, for example by consulting
Supplementary File S1 of van Oudheusden et al. (2024). This supplementary file details the
manufacturing capabilities of injection moulding and additive manufacturing for most of
the design requirements in Table 6.1 below. By reviewing the manufacturing capabilities
for the expected design requirements, it becomes easier for designers to choose the
preferred manufacturing method, determine manufacturing priority, and navigate the
design synthesis. For example, designers can determine which additive manufacturing
method is the most suitable, or choose design solutions that avoid the challenging design
requirements. The overview of part functions and requirements will also help a designer
to identify additional part requirements as the design progresses. Some of these functions
might not come up in the initial functional analysis but as part of a design solution, which

is why iteration in the design process is important.

6.3.2.2. Design ideation tool

The design ideation tool in Table 6.2 is an overview of design strategies that can help
designers to find design solutions when ideating across two design spaces. The main design
challenge we found is that the original part design has a design space that is too limited for
further redesign. As such, most of the design strategies in this table aim to extend this design
space by predicting what changes are needed in the adaptive design phase. The overview
in this tool is not an exhaustive list of all the design strategies that can be used to create
functionally equivalent parts, but it intends to cover the major issues that a designer might
encounter. The design ideation tool can be applied in the part design during the Conceptual

design and Test and Adapt phases, and to gain inspiration for further design iteration.
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Table 6.1. Function identification tool that links part functions to expected design requirements.

Function . Lo . .
Category Function Specifics Expected design requirements
Connect Accuracy, detail, shape, strength, flexibility, elasticity
Position Accuracy, detail
Fitting Lock Accuracy, detail, shape, strength, flexibility
Accuracy, water/airtightness, flexibility, elasticity,
Seal . )
multi-material
Strengthen Shape, strength, impact resistance, fatigue resistance,
creep resistance
Support Shape, detail, strength
Structural Strength, flexibility, elasticity, impact resistance,
) abrasion resistance, fatigue resistance, creep
Resist ) : :
resistance, heat resistance, cold resistance, water
resistance, UV resistance, chemical resistance
Protect Impact resistance, abrasion resistance, multi-material
Push Shape, detail
Rotate Shape, detail
Hinge Detail
Dynamic Slide Abrasion resistance, surface finish, detail
Bend Elasticity, flexibility
Stretch Elasticity
Compress Elasticity
Show, display Transparency
Showing
Inform Detail
Containing Contain, hold, store Airtightness, accuracy

Transporting

Aesthetic

Tactile

Speciality

Direct, channel
Ventilate
Colour
Contrast
Pattern

Texture

Grip

Any keyword not
mentioned above.

Shape, detail

Detail

Colour

Shape, detail, surface finish, multi-material, colour
Detail, surface finish

Detail, surface finish, multi-material

Detail, surface finish, multi-material

For example, food safety
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Table 6.2. Design ideation tool, presenting possible strategies to design functionally equivalent
parts with additive manufacturing (AM) and injection moulding (IM).

Design .
strategies Description Example
Break up the part into two or more  The AM replacement part consists
Seament parts to facilitate the manufacturing of multiple parts so different
9 process or to make (partial) repair at sections of the part can be printed
a smaller scale possible. in different materials.
The AM part replaces multiple IM
Consolidate Merge multiple parts into one part. parts to avoid complex assemblies

Leave design
space

Upgrade

Overdimension

Simplify

Complicate

Complement

Post-process

Shift focus

Change
requirement

Leave room in the primary part
design to accommodate different
dimensions of the secondary part
design, or vice versa.

Use a higher performance (material)
choice in one design to make it
equivalent to the other design.

Increase the performance of

the part design for the higher-
performing manufacturing

method so the same part design

or part feature can be used for the
manufacturing method with a lower
performance.

Make one part design simpler than
the other to accommodate different
manufacturing requirements.

Make one part design more
complex than the other to use
specific manufacturing capabilities.

Add standardised component(s)
to the part to achieve a certain
performance.

Use post-manufacturing treatments
to increase the part performance

Instead of adjusting the part
itself, target the (connection to)
surrounding parts.

Achieve a certain part function
through (a combination of) different
design requirements.

or to leverage the increased form
freedom of AM.

Leave space within the IM part
design to increase the wall
thickness in the AM part design.

Print the AM part in engineering
plastic or composite to replace
an IM part made from commodity
plastic.

The wall thickness of the IM part is
thicker than needed so the AM part
is strong enough with the same wall
thickness.

The AM part has thicker sections/
walls instead of ribs and gussets for
easier printing.

The AM part has a more complex
geometry that is impossible with IM,
such as complex internal channels.

Use screw thread inserts instead of
printing or tapping screw thread.

Add a heat-resistant coating,
sanding for a smoothing surface, or
drilling holes for tighter tolerances.

Change the shape of the housing to
accommodate different features or
connection types.

Make a part flexible instead of stiff
to withstand a load, or make a
surface finish soft instead of hard to
resist scratching.
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6.3.3 Case examples

This section evaluates the design process and tools by providing two case examples of
what equivalent design might look like for both original and adaptive design. Here, original
design creates a new part design while adaptive design adjusts an existing part design to
meet changed requirements (Pahl et al., 2007). In both examples, we elaborate only on the
initial design stages as only these phases are modified in the equivalent design process.
The Embodiment and Detail design phase followed standard design practices for injection

moulding or additive manufacturing and did not present any new insights.

6.3.3.1. Original design example: vacuum cleaner roller brush

Design specification

Based on various roller brush designs, we identified the part functions and corresponding
design requirements in Table 6.3. By comparing the manufacturing capabilities of FDM, SLS
and SLA printing for these requirements, it was found that FDM would perform poorly in
terms of detail and part strength, while SLA and SLS would be similarly suitable. However,
SLS is generally more cost-effective and its performance can be further improved through
post-processing. This makes SLS the preferred option for this part, although SLA could be
used for components that require a high level of detail or surface smoothness.

Table 6.3. Functional analysis of the floor nozzle roller brush.

Function . i Function Expected design
Function Specifics L :
Category criticality requirements
1. Connect to the floor nozzle . .
; High A
bottom/upper plate (reversible) '9 ceuracy, detail
Fitting
2. Connect to the rotational drive . )
. High Detail
axle (reversible)
3. Resist impact, abrasion, and Impact resistance
Structural possible vibrations through use and High pac ) '
; abrasion resistance
accidents
Dynamic 4. Rotate the roller brush High DeFall, abrasion -
resistance, surface finish
For example through
Specialty 5. Collect dust and debris High detail, abrasion
resistance
6. Contrast with surrounding parts/ For example through
Aesthetic features to provide visual interestand  Low detail, surface finish,
aesthetic attractiveness (optional) multi-material, colour
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Manufacturing priority

Comparing the expected design requirements in Table 6.3 with the manufacturing
capabilities in Supplementary File S1 of van Oudheusden et al. (2024) shows that the
greatest design challenges are expected to be multi-material, abrasion resistance, and
impact resistance. These challenges can be addressed through correct material selection,
keeping the design guidelines in mind (e.g., detail size), and using post-processing methods
such as vapour smoothing. Additionally, the strategies in the design ideation tool can be
used. However, considering these requirements will be more challenging for SLS than for
injection moulding, it makes the most sense to have SLS as the prioritised manufacturing
method.

Conceptual design

Before starting the conceptual design, we drew up an impression of the available design
space for the roller brush, as seen in Figure 6.2. Here, the areas shaded blue indicate the
contact surfaces where the roller brush connects to other parts. For this part, the part
interfaces include the bottom plate and the rotational drive axle. How far these parts have
already been defined, depends on the order in which the parts are designed. Additionally,
a rough indication of the available design space is shaded in orange. This shows that the
roller brush is limited by or (partly) determines the width and height of the floor nozzle,
depending on the design sequence and choices. If the part is designed to extend outside of

this design space, the surrounding parts will need further design work to accommodate this.

Figure 6.2. The location of the design space (shaded orange) and part connections (shaded blue)
of the roller brush in the vacuum cleaner nozzle.

175



Chapter 6

Figure 6.3 shows a sketch of the primary design concept. Below is a list of the part

components indicated in Figure 6.3 and what function(s) of the functional analysis they fulfil.

SANFCEE O

Stopper plate: Connect to the floor nozzle bottom/upper plate (reversible)

Bushing: Resist abrasion from the shaft rotation

Shaft: Connect the inner rod to the stopper plate

Roller sleeve: Collect dust and debris; Contrast with surrounding parts/features (optional)
Inner rod: Resist impact, abrasion, and possible vibrations through use and accidents;

Connect to the rotational drive axle; Rotate the roller brush

Stopper plate
Bushing (standardised)
Shaft (standardised)
Roller sleeve

Inner rod

B 5

Figure 6.3. Exploded view of the primary design concept (additive manufacturing). Printed
components are shaded blue and standardised components are light grey.

To create the primary concept design, we used the following strategies from the design

ideation tool:
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Post-process: The abrasion resistance and surface finish of the stopper plate are
improved through post-processing (e.g., vapour smoothing). This prevents the
locking mechanism from wearing down too quickly as it is rotated in and out of place.
Optionally, the roller sleeve could be dyed after printing to provide a contrasting colour.
Upgrade: To ensure the stopper plate has the right material properties, the primary
design concept uses a high-grade material such as glass-filled nylon. This is an
upgrade compared to the secondary design concept, which will likely use a less
advanced material. Typically, injection-moulded materials offer better abrasion
resistance than printed materials, meaning a standardised non-filled material would
be sufficient for this application.

Complement: the design uses a metal shaft in the inner rod and a nylon bushing
in the stopper plate. These sections of the part will encounter the most abrasion
during use, so increasing the abrasion resistance through these inserts will help to
improve part durability. The metal shaft can be placed through heat insertion and

the nylon bushing through a press-fit.



Functionally equivalent parts through injection moulding and additive manufacturing

« Change requirement: in this part design, dust and debris are collected through
a ridged surface. This means that the integration of non-printable features (i.e.,
bristles) is no longer needed for this function. As an added benefit, the ridged roller
sleeve acts as a protection barrier for the inner rod, which lowers the required
impact and abrasion resistance for that component.

Test and Adapt

There are no design choices in the primary design concept that are not technically feasible
with injection moulding. This is partly because most design decisions in the primary design
also considered the use of injection moulding in the secondary design. As such, the design
decisions are more intertwined than the segmentation of the design phases shows.
However, some design choices could be optimised further based on certain manufacturing
opportunities. For example, injection moulded parts generally have better abrasion
resistance, and inserts can be integrated directly into the parts using insert moulding.

We adapted the following design choices to create the secondary design concept (Figure
6.4). The bushing is omitted as a more abrasion-resistant material (e.g., POM) can be used
for the stopper plate. Additionally, the metal pin is placed into the inner rod through insert
moulding instead of heat insertion, which reduces costs and manual labour during the mass
production of the part. The roller sleeve remains a separate component in the secondary
design, even though it could be consolidated with the inner rod through overmoulding.
Keeping the sleeve separate makes it easier to replace it when it wears down instead of
replacing the entire unit. This design also makes it possible to customise the ridge patterns,
for example, to target different flooring types or other use scenarios.

Figure 6.4. Exploded view of the secondary design concept (injection moulding). The adapted parts
are shaded purple, the moulded but unaltered parts are blue, and the standardised components
are light grey.
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Embodiment and detail design

Figure 6.5 gives an example of what the final geometry of the part could look like, based
on the previous design phases. The printed and injection-moulded designs use the same
part configuration, although the latter does not include the bushing. The embodiment
and detailing of both part designs are done according to the design guidelines of their
respective manufacturing methods. As such, the exact embodiment of these designs will
not be discussed in detail.

Figure 6.5. Embodiment design of the printed roller brush.

When optimising the parts for production, changes will likely occur between the designs
of the additive-manufactured and injection-moulded parts. Key elements such as the ribs
and the locking mechanism might vary, and material selection depends on the specific
manufacturing method. While it is unlikely that both parts will be made from the same
materials, their properties will be comparable. For example, the stopper plate could use
glass-filled nylon for SLS printing and POM for injection moulding, which both prioritise
abrasion resistance. The datasheets of printing materials often give an indication of what
injection-moulded materials are similar to the printing material, based on the intended
application. Designers can use these indications as a starting point for material selection,
but part testing and manufacturer consultation are still highly recommended. Exploring

unique materials, such as filled materials or specialised blends, can also be beneficial here.

6.3.3.2 Adaptive design: vacuum cleaner dustbin lid

Design specification

For the adaptive design case, we selected the transparent lid of a vacuum cleaner dustbin.
Since this case focuses on adaptive design, we selected an existing part design for the
functional analysis. This gave the part functions and corresponding design requirements as
shown in Table 6.4. Functional analysis of the vacuum cleaner dustbin lid. When comparing
additive manufacturing capabilities, FDM and SLS printing have limited to no ability to print
fully transparent parts which leaves SLA printing as the best printing option.
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Table 6.4. Functional analysis of the vacuum cleaner dustbin lid

Function Function  Expected design

# Category TSI LU criticality requirements

Provide an airtight (dust-tight)

1. Seal seal with the dustbin High Accuracy, airtightness
2. Display Show the contents of the dustbin ~ Medium Transparency
) ) ) ) Impact resistance,
3. Resist Withstand dropping on the floor High strength
4. Connect Clamp close on the dustbin High strength, ﬂeXIb.lllty’
accuracy, detail
Inform the user about the ) -
A . Detail, surface finish,
5. Inform technology that is used in the Low ) .
multi-material/colour
product.
. Provide contrast colour and Detail, surface finish,
6. Aesthetic . : Low ) )
visual interest multi-material/colour

Manufacturing priority
As this is an adaptive design process, we prioritise the original manufacturing method.
Therefore, injection moulding is selected as manufacturing priority. This makes this adaptive

design process very similar to the Adapt to AM process in Diegel et al. (2019).

Conceptual design
As the original manufacturing method is prioritised, we used the original part embodiment
(Figure 6.6) as the primary design concept. The part consists of two components: a

transparent main body and a pink aesthetic panel connected through snap-fits.

Figure 6.6. The original dustbin lid as the primary design concept.

Test and Adapt
When comparing the primary design concept to the manufacturing capabilities of SLA
printing, the biggest design challenge is combining the transparency of the lid with the

required impact resistance and strength. This is because transparent SLA resins are generally
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brittle (Protolabs Network, 2024), which makes it difficult to print a fully transparent part

that meets all the part requirements.

To solve this issue, we used the design strategy Segment and split the main body of the
primary design concept into a modified main body and transparent windowpane. Through
this segmentation, the majority of the main body can be made from a stronger opaque
material while the user can still look inside the dustbin through the transparent windowpane.
This means that even though the secondary design concept uses a different design
configuration, it is still functionally equivalent to the primary design concept. We also used
Consolidate to merge the aesthetic panel and the main body of the lid by using a bright
colour for the main body. Since durable SLA resins are only available in a darker colour,
we switched the additive manufacturing method for the main lid body to SLS printing.
The materials in this method are more suitable for post-processing strategies such as dye
submersion. Additionally, the empty flat surface can be pad printed to include information on
the product technology, similar to the aesthetic panelin the original part design. This shows
the importance of design iteration and knowledge of additive manufacturing capabilities.

Figure 6.7 shows a sketch of the secondary design concept. Below is a list of the part
components indicated in Figure 6.7 and what function(s) of the functional analysis they fulfil.

Transparent windowpane: Show the contents of the dustbin
Main lid body: Withstand dropping on the floor; Clamp close on dustbin; Inform the
user about the technology used in the product; Provide contrast colour and visual
interest.

3. Seal: Provide an airtight (dust-tight) seal with the dustbin

1. Transparent pane
2. Main body
3. Seal

Figure 6.7. The secondary design concept for the dustbin lid.
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Embodiment and detail design

Figure 6.8 gives an example of what the final geometry of the parts could look like, based
on the previous design phases. Both designs feature a main body that clips onto the dustbin
with a round insert at the top of the lid. In the injection-moulded part, this insert adds
aesthetic contrast, while in the printed version it provides transparency. The embodiment
and detailing of both part designs are done according to the design guidelines of their
respective manufacturing methods. As such, the exact embodiment of these designs will
not be discussed in detail. However, Figure 6.8 illustrates more clearly than the previous case

example how the design of the parts might vary while still being functionally equivalent.

Figure 6.8. The part designs for injection moulding (left) and additive manufacturing (right) are
functionally equivalent but not identical. The clear and opaque sides are switched because
transparent additive manufacturing materials lack the necessary strength and impact resistance
for the lid's main body. Transparent injection-moulding materials do, which is why the main body
can be made transparent for better visibility inside the dustbin.

6.4 DISCUSSION

In this paper, we presented a new design approach to enable in the early stages of the
design process that an injection-moulded original part and a 3D-printed spare part will
be functionally equivalent. This design approach helps designers to properly consider the
impact of their design decisions on part manufacturability. Determining the design priority
for a particular manufacturing technology in the early design stages streamlines the process
and facilitates adapting the design from one manufacturing method to another. This is
also addressed in the Test and Adapt phase, where the concept design for the prioritised
manufacturing method is tested for its compatibility with the second manufacturing
method. This ensures that both designs will be functionally equivalent, even after further

optimisation in a later phase.

Although the equivalent design method was constructed based on the design studies

of Diegel et al. (2019) and Pahl et al. (2007), there are some important differences. For
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example, although the equivalent design method resembles the Adapt for AM design
method as specified by Diegel et al. (2019), the latter starts the adaptive design from the
detail design of an existing part, rather than from its original function. As such, the original
design is unlikely to be changed, which limits the possibilities for adjusting or optimising
the available design space for a second manufacturing method. Additionally, Adapt for
AM always assumes that the manufacturing method of the original part (i.e., injection
moulding) will have priority, whereas with equivalent design, this could also be the other
way around. Compared to the design method by Pahl et al. (2007), the equivalent design
process gives designers more guidance to work across two different design spaces by
considering how the design choices for one manufacturing method affect the design
for another manufacturing method. This gives more opportunity to optimise each design
individually for its manufacturing method, rather than designing parts within the technical
constraints of both manufacturing methods.

In our case examples, we explored how equivalent design could be used for both the
original design of new products and the adaptive design of existing products. The original
design case example started from the initial functionality of the part and used design
solutions that worked for both manufacturing methods. As a result, both designs were more
streamlined with no obvious indication that the part was designed with two manufacturing
methods in mind. This is because the conceptual design for the prioritised manufacturing
method considered the manufacturing capabilities of the second manufacturing method,
which meant that no technical limitations had to be overcome in the secondary design.
For the adaptive design case example, the design of an existing part was used to create
the conceptual design. This made it more obvious in the secondary design that changes
were added after the original design had already been established. This is because adaptive
design has a reduced design space and works with a determined set of design decisions.
This limits a designer in their ability to optimise design decisions or to think of novel working
structures, much like the Adapt for AM approach as described by Diegel et al. (2019). To
fully use the potential of equivalent design, it makes the most sense to use it in an original
design process. This does not mean that the adaptive design of existing products should
be avoided. Rather, more careful and creative consideration of the design limitations is

needed in that case.

The case examples in this paper show that only small changes are needed in a design to
have a big effect on part printability. This means that equivalent design is not the same as
designing in parallel configurations. Instead, it is a way of design where a design decision
is considered twice for two different manufacturing methods. As seen in the case example
of the roller brush, choosing a ridged pattern instead of overmoulded bristles has a large

effect on part printability. Similarly, the case examples show how the design strategies of
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the design ideation tool (Table 6.2) can be used to overcome or avoid challenging part
requirements. For example, using a nylon bushing in the roller brush reduced the abrasion
resistance requirements, whereas separating the dustbin lid into a body and windowpane
made it possible to avoid the challenge of combining transparency and strength. Outside
the case examples, the design strategies reflect plenty of other minor changes that could
have big effects. For example, internal components could be slightly rearranged to leave
design space for an increased wall thickness, or the size or shape of a part or feature could

be changed to fit the capabilities of both requirements.

True functional equivalence is achieved through multi-stage design decisions, rather than a
fully new design approach or additional design steps. The development of the primary and
secondary design concepts are presented separately in the case examples, but in practice,
the design decisions and concept developments were highly intertwined. For example,
the primary design concept of the roller brush considered whether the components were
suitable for additive manufacturing, but also whether the design would make sense for mass
production. As such, the primary design concept avoided working structures and design
solutions with considerable material use. If the secondary manufacturing method is kept
in mind while making design decisions for the primary manufacturing method, it will be
easier to adapt and optimise these design choices in later phases. This means a designer
will already have a good idea of what the secondary design concept will look like while
the primary design concept is still being developed. Also, evaluating the design decisions
as they are made means that design iteration will be much faster as there is more room to
change the connected design decisions. The design method and tools presented in this
paper can facilitate this form of integrated decision-making by structuring the process and
providing the designer with new insights on how to design for two manufacturing methods.

Although the equivalent design method simplifies the production of printed spare parts, it
does not automatically result in a more circular product. With equivalent design, designers
can more easily enable the use of printed spare parts in the initial product design. This
increases the availability of spare parts, making repairs more accessible. As a result, the
product lifetime is increased, which should reduce the environmental impact of the product
(van Nes & Cramer, 2006). However, the availability of spare parts is not the only barrier to
repair. A product not designed for repair may still not be repaired, even if spare parts are
available. Therefore, equivalent design should be combined with circular design methods
such as design for repair. This means products should be easy to disassemble and parts
with a higher failure rate should be easy to access (Huang et al., 2016). When combined with
equivalent design, designers also need to avoid non-printable components. For instance,
the first case example suggested insert moulding and overmoulding for the injection-

moulded design. While we included these design strategies to highlight the potential of
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equivalent design, these are not favourable decisions regarding repairability and recyclability.
This might be an advantage of prioritising additive manufacturing in the design process, as

design for additive manufacturing generally avoids these less favourable strategies.

Limitations and recommendations

We did not fully explore the design process and its potential as the case examples did not
include a detailed exploration of the Embodiment and Detail design phase. While this phase
should be identical to existing design practices for additive manufacturing and injection
moulding, there might be occasions where designers would loop back from these design
phases for iteration. Additionally, the exploration included only one short iteration, which
means the design does not fully reflect the potential of equivalent design. More illustrative
and insightful design decisions could be explored. The same goes for the design tools.
These were constructed based on the work of various designers, but the tools have not

been validated beyond the presented case studies.

Future research could give further trials of the design process to advance it. This could
include additional part categories and parts with different design requirements to see if
these give new insights. Additionally, this study has focused on more of a part level than
a product level, so considering the process using a more holistic perspective might be
worthwhile. This could include further consideration of the connections to other parts and

the available design space, as mentioned in the first case example.

6.5 CONCLUSION

This study shows that, when using additive manufacturing to produce spare parts, they can
be functionally equivalent to injection moulded parts by considering the capabilities of both
manufacturing methods in each design decision. The design approach presented in this
paper supports designers in this process. The approach’s determination of design priority
at the start helps to streamline the process and facilitate the adaptation. Most times, only
small design changes will be needed to have a large impact on the suitability of a design for
additive manufacturing. This means that the equivalent design process will help designers
more when used in the original design of products, compared to the redesign of existing
products. This prevents designers from being too limited by the existing structures and
decisions of the original design. Instead, a designer can favour the design choices that are
suitable for both manufacturing methods. To ensure that printed spare parts also increase
the circularity of the product, equivalent design should be combined with circular design
approaches such as design for repair. It is only through the careful design of a product and

its parts that we can prevent waste and move towards a more circular economy.
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CHAPTER 7

Discussion and Conclusion




7.1 SUMMARY OF RESEARCH FINDINGS

Printed spare parts are designed to increase the repairability of products, which fits the
principles of the circular economy. One of the core principles of the circular economy is
that the value of products should be preserved by extending product lifetimes (Bocken et al.,
2016). The repair of products is one of the most effective ways to achieve this goal (Laitala
et al,, 2020). Additionally, additive manufacturing is a promising production method in the
circular economy when balancing its benefits and limitations (Tavares et al.,, 2023). This
highlights the importance of combining the design of printed spare parts with circular design
methods such as design for repair. The flexibility of digital files can also make it easier to
upgrade parts or enable value-added repair (Ford & Despeisse, 2016; Sauerwein et al., 2019).

The goal of this study was to answer the following main research questions:

RQ1. What design aspects of plastic spare parts in consumer products
determine whether or not they are suitable for additive manufacturing?
RQ2. How should we design plastic parts to make them more suitable for

additive manufacturing of spare parts?

To answer these research questions, we also included two design perspectives: consumer
design and manufacturer design. Chapter 1 explains that for consumer design, the design
of a printed spare part is made by consumers as part of the repair process, whereas for
manufacturer design, this design is created during the initial design of the product. RQ1
was answered from a consumer perspective in Chapters 2 and 3, and a manufacturer
perspective in Chapters 4 and 5. RQ2 was answered from a consumer perspective in
Chapter 3 and a manufacturer perspective in Chapters 5 and 6. Below, Table 7.1 (replicated
from Table 1.1 in Chapter 1) shows how the sub-questions of this dissertation relate to the

main research questions and design perspectives.
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Table 7.1. The sub-questions of each chapter in relation to the main research questions and design
perspectives. Replicated from Table 1.1 in Chapter 1.

Consumer perspective

Manufacturer perspective

RQ1.

Suitable
aspects for
additive
manufacturing

RQ2.
Designing
printed spare
parts

RQ1.1. How can we evaluate the printability of product parts based on
part requirements? (Chapter 4)

RQ1.2. What

repairs within repair
communities can be
met through 3D-printing
spare parts? (Chapter 2)

RQ2.1. How can the
3DPfR process that leads
to a successful repair be
described? (Chapter 3)

RQ2.2. What is the
influence of previous
experience, process
implementation, and part
complexity on the overall
success of the 3DPfR

RQ1.3. Which design requirements drive
the design for both injection moulding
and additive manufacturing? (Chapter 5)

RQ2.3. How can these design
requirements be used to facilitate
the design of 3D-printed spare parts?
(Chapter 5)

RQ2.4. How can a designer enable in
the early stages of the design process
that the injection-moulded original
part and 3D-printed spare parts will be
functionally equivalent? (Chapter 6)

process? (Chapter 3)

Chapter 2 studied what repairs in repair communities can be met through 3D-printing spare
parts (RQ1.2). Through analysing the Open Repair Database, we estimated that 8% - 29%
of non-repaired items in repair cafés might benefit from 3D-printed spare parts based on
their repair and product types. Suitable repairs were mainly those with mechanical part
failures, whereas small kitchen items was one of the most promising product categories
for 3D-printed spare parts. However, this study found that more insight was needed into
what design aspects determine whether a part is likely to succeed in 3D printing.

In Chapter 3, the insights from Chapter 2 were used to establish a framework on how to
integrate printed spare parts into consumer self-repair (RQ2.1). Through literature review
and experimental study, validated through a practical analysis of 45 cases, we set up the
3D-printing for Repair (3DPfR) process (Figure 7.1). This design process was developed for
self-repair by consumers and repair communities to help them create a printed replacement
for the broken or missing product part in their repair. The 3DPfR process consists of four
phases: analyse, (re)design, manufacture, and test. To ensure this design approach is
successful, it is essential to guide consumers in making the right design decisions during
the design phase. As a printed part often cannot be a direct copy of the original part, the
part design will likely need multiple iterations to obtain the right part performance and fit.
The number of iterations and required design work could limit the appeal of this approach

for consumers and result in a relatively high environmental impact.
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Figure 7.1. 3DPfR framework. Replicated from Figure 3.12 in Chapter 3.
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Chapter 3 also sought to find what process factors are relevant for a successful repair
(RQ2.2). By analysing the repair results from 45 students, we found that execution of the
process steps was the most important predictor for a successful repair. This shows that
it is especially important to guide users in making the right design decisions during the
redesign of their part. This study also showed it is difficult to predict which parts are suitable
for additive manufacturing. Most likely, the suitability of a part depends on the strictness
of the part requirements, rather than their type. A part that needs high performance for
a relatively easy requirement may be difficult to print, while a part with low performance
for a challenging requirement might still be feasible. Ultimately, it depends on whether the
required part properties are within the capabilities of additive manufacturing. The studies
in Chapters 4 and 5 support this assumption: specifying the required performance for each
part requirement makes it easier to determine what manufacturing capabilities are needed
and whether this is feasible with additive manufacturing.

Chapter 4 used the framework and findings from Chapter 3 to explore how we can evaluate
the printability of product parts based on part requirements (RQ1.1). We constructed a list of
part requirements and used these in a theoretical assessment, validated through a practical
case study. Here, we defined eight limiting criteria by specifying the expected performance
levels that would restrict part printability. These limiting criteria were used to calculate a part
printability rating, starting with a score of nine and subtracting one point for each applicable
limiting criterion. A low printability score indicates that a part will be more difficult to print
and careful consideration is needed of the printing method, printing material, and printer
settings. However, we observed that several parts were sensitive to printability issues despite
a high printability score, which led to additional assessment criteria. Based on the results,
we conclude that printed spare parts can be affordable, but that only a small selection of
parts is currently suitable for additive manufacturing. Overall product complexity and part
requirements such as fine details and accurate fit can make it difficult to reproduce parts
without considerable redesign efforts.

Chapter 5 analysed which design requirements drive the design for both injection moulding
and additive manufacturing (RQ1.3). Both these methods are needed from a manufacturing
perspective to ensure that the original part and printed spare part can be manufactured and
interchanged successfully. Based on the design requirements from Chapters 3 and 4, along
with insights from further literature review, we listed a total of 20 requirements categorized
into five groups. While there are potentially an infinite number of design requirements, the
illustrative case demonstrated that most requirements are covered by a limited number of
requirements.
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Chapter 5 also studied how these design requirements can be used to facilitate the design
of 3D-printed spare parts (RQ2.3). By comparing the capabilities of injection moulding
and additive manufacturing on an industrial level, we gained further insight into potential
design challenges for manufacturers. While specific design considerations are needed for
many requirements, most challenges could be overcome through careful design. Only a
few requirements, like multi-material and food safety, will always be challenging to achieve
with additive manufacturing. Additionally, design challenges can also arise from challenging
combinations of design requirements. When designing printed spare parts, designers should
consider the trade-offs and synergies between design requirements and manufacturing
capabilities. This represents a broader design challenge where designers must be fluent in

both injection moulding and additive manufacturing design.

Chapter 6 uses the insights of the previous chapters to construct a new design approach
for manufacturers to enable the use of printed spare parts in the original design of the part
(RQ4.2). We developed the equivalent design process (see Figure 7.2) by adapting an existing
design framework for use with both manufacturing methods, aiming to design parts with the
same functionality but different designs. In this process, each design decision is considered
twice to ensure functional equivalence. By determining the design priority at the beginning,
the design process becomes more efficient. Generally, only small adjustments are needed
to ensure that a part design can be made suitable for both manufacturing methods. This
means that designing plastic parts for additive manufacturing is more beneficial during the
initial product design, rather than when redesigning existing products.
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Figure 7.2. The equivalent design process workflow with all design phases needed to design
functionally equivalent parts when designing for two manufacturing methods, as indicated by
the two differently coloured arrows. Usually, one of the manufacturing methods will be prioritised
over the other. Replicated from Figure 6.1 in Chapter 6.

7.2 CORE PRINCIPLES OF 3D-PRINTED SPARE PARTS

Combining the results of the research questions and design perspectives, we derived five
core principles of 3D-printed spare parts. These principles reflect the most important
considerations when designing printed spare parts, regardless of which design approach is
used. The equivalent design process, when used by manufacturers, will be most effective in
applying these principles. However, principles 1, 2 and 3 can also be applied in 3D printing
for Repair by consumers.

1. Form follows fabrication
Manufacturer and consumer design — Chapters 3, 5, and 6

The design of a printed spare part should focus on its intended function, rather than replicating
its material or shape. This is especially important when redesigning or reverse-engineering
existing parts. As shown by the comparison of manufacturing capabilities in Chapter 5 (Table
5.4), additive manufacturing is not simply a drop-in replacement for injection moulding.
Instead, most printed parts and materials will perform differently from the original parts
and materials they replace. To facilitate the design of printed spare parts, designers should
concentrate on creating parts that are functionally equivalent, rather than identical. This is

the main focus of the equivalent design process outlined in Chapter 6 (Figure 6.1). Prioritising
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functional equivalence will reduce the design workload while providing considerable flexibility
for design optimisation based on the respective manufacturing capabilities. The 3DPfR
process discussed in Chapter 3 (Figure 3.12) is less effective in applying this principle than
Chapter 6's approach for manufacturers, but it can be considered during both the analysis

and redesign phases to streamline the design process.

2. Small changes, big results
Manufacturer and consumer design — Chapters 4, 5, and 6

While most part designs are currently unsuitable for additive manufacturing, only small
adjustments are generally required to ensure that a part design is suitable for both injection
moulding and additive manufacturing. When evaluating the printability of a vacuum cleaner
in Chapter 4, nearly all parts encountered one or more criteria that limited part printability,
but most parts were still printable. Similarly, the design challenges presented in the case
examples in Chapter 5 could generally be addressed through careful design. Chapter 5's
printability evaluation tool (as demonstrated in Tables 5.5 and 5.6) should help designers
to identify any challenges in the design. To overcome these challenges, designers can use
the design ideation tool in Chapter 6 (Table 6.2) to develop solutions that are suitable for

both injection moulding and additive manufacturing.

3. Everything is connected
Manufacturer and consumer design — Chapters 5 and 6

Rather than a single complex requirement, it is the combination of part requirements
that determines part suitability the most. A careful balance between design, material,
and manufacturing is needed to realise printed spare parts. While Chapter 5 (Table 5.4)
lists the material properties and manufacturing capabilities for all design requirements
separately, these properties are often interconnected and relevant to more than one
requirement. Therefore, the design requirements should be considered in the context of
their overall functionality. The function identification tool in Chapter 6 (Table 6.1) can be
used to facilitate this process and provide more insight into how the design requirements

are interconnected throughout the part.

4. Bean early bird

Manufacturer design — Chapters 3, 5, and 6
Itis easier to enable 3D-printed spare parts early in the design, as both the part designs for
injection moulding and additive manufacturing can still be modified. This flexibility allows
designers to prioritise design solutions that work for both manufacturing methods, as
shown in the equivalent design process in Chapter 6 (Figure 6.1). If printed spare parts are
introduced later in the product lifecycle, as seen in the 3DPfR process in Chapter 3 (Figure

3.12), the design process becomes less flexible. Since the designer needs to consider an
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already-existing product, they are limited in their ability to optimise design decisions or to
explore novel working structures. While printed spare parts can still be used for existing

products, more careful consideration of the design limitations is needed in that case.

5. Focus on parts, not assemblies
Manufacturer design — Chapters 4, 5, and 6

The current design of products generally makes it difficult to disassemble them, with most
parts being integrated into larger subassemblies. During the disassembly of a vacuum
cleaner in Chapter 4, we found that 10 out of 23 subassemblies could not be fully taken
apart. The complexity of these subassemblies, along with multi-material and non-printable
part features, makes it impossible to reproduce them with additive manufacturing, as shown
in Chapter 5. Therefore, designing for repair should be prioritised over creating printed
spare parts. If a product cannot be repaired at its part level, investing in the development
of printed spare parts does not make sense. The case examples in Chapter 6 illustrate how
a part can be designed to avoid these integrated, non-reversible assemblies, so individual
parts can be replaced.

7.3 COMPARISON BETWEEN CONSUMER VS
MANUFACTURER DESIGN PERSPECTIVE

One key difference between consumer and manufacturer design is when in the product
lifecycle the printed spare parts are created. In Figure 7.3, the equivalent design and
3D-printing for Repair (3DPfR) processes have been mapped out against the product
lifecycle. Here, the equivalent design process is placed at the beginning of the product
lifecycle and the 3DPfR process at the end. With the equivalent design process, the
manufacturer can enable printed spare parts at the start of the product lifecycle. This
is especially beneficial for the design of original products, as discussed in Chapter 6.
The 3DPfR process at the end of the product lifecycle limits the ability to adapt the part
design but can be used to replace obsolete legacy parts. This process is accessible to both
manufacturers and consumers, although the manufacturer benefits from increased design
knowledge and industrial manufacturing equipment. When redesigning an existing product,
the design of a printed spare part is similarly limited as with the 3DPfR process, even if the
design process takes place at the beginning of the product lifecycle.
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Figure 7.3. The equivalent design and 3D printing for Repair processes are mapped against the
product lifecycle. The purple route represents repair with printed spare parts from a manufacturer
design perspective and the light blue route represents the consumer design perspective.

While both design perspectives show potential, printed spare parts will likely be more
feasible in an industrial setting. In Chapter 2, we estimated that between 8% to 29% of the
repairs in repair communities could be suitable for additive manufacturing. In comparison,
the general estimate of manufacturers was that 2% to 75% of their spare parts could be
made with additive manufacturing, with most answers between 5% and 10% (Chekurov
et al., 2018). While these numbers are generally comparable, if a manufacturer enables
printed spare parts in the initial design of the product, this would significantly increase
the number of parts that can be printed. Additionally, manufacturers have access to the
original design files and industrial-level equipment, which further facilitates the process.
However, even parts that are suitable for additive manufacturing would likely require some
design attention. For legacy parts or products, it is a question of how much design time

and effort the part is worth.

In comparison, a consumer might judge the required time, labour and costs of creating a
printed spare part differently. With the right motivation and DIY mentality, consumers might
enjoy the use of additive manufacturing in a way that a manufacturer wouldn't (Halassi et al.,
2019). While not everyone with a broken product will be willing to spend the needed time
and effort on this process, some consumers do. Within the 3D-printing community, the use
of printed parts as spare parts is already relatively common. The knowledge and growth of
this community suggest a significant potential for the open-source development of printed

spare parts (Moilanen & Vadén, 2013; Rayna et al., 2021). Combined with movements such
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as Right to Repair, this might lead to an increase in part suitability in the context of consumer
repair when looking beyond just the technical feasibility, especially for legacy products.
However, a consumer might make unfavourable design or manufacturing choices due
to their limited design knowledge and experience, as discussed in Chapter 2. To ensure
that printed spare parts are reliable and safe, it is desirable to have some form of quality
control and certification (Yoo et al., 2016). However, this will be challenging to achieve in
the consumer design perspective.

7.4 3D-PRINTED SPARE PARTS IN A CIRCULAR
ECONOMY

The availability of spare parts is key to the repairability of products. With additive
manufacturing, spare parts can be made available after the initial production phase has
ceased. Following the consumer design perspective, spare parts can even be made available
for legacy products. The adoption of additive manufacturing for repair creates value chains
that are shorter, simpler, and more localized (Gebler et al.,, 2014). Designs in the form of
digital files can be easily shared, allowing products to be repaired on a more localised
basis, potentially even on-site. This can significantly reduce the environmental impacts
associated with transportation (Ford & Despeisse, 2016). The flexible design options and
accessibility of additive manufacturing also allow for added value during repairs, even if this
was not considered in the original product design (Sauerwein et al., 2019). This facilitates
upgrading and refurbishing products in use with improved parts (Holmstrom & Gutowski,
2017). Furthermore, the use of additive manufacturing for product lifetime extension may
encourage companies to adopt service-based business models that align with sustainability
goals. This could help to separate social and economic value from the environmental

impacts of production and consumption (Ford et al., 2015).

Still, a product that is not designed for repair may not be repairable, even if spare parts are
available. What specific changes are needed in the product design depends on what specific
additive manufacturing method is used. For most methods, the main barriers to printed
spare parts are multi-material parts and integrated subassemblies in the product design, as
discussed in Chapters 3—-5. These design features overlap with those determining whether
a part is suitable for repair, which include part accessibility, (dis)lassembly, modularity, and
standardisation (Dangal et al., 2022). Repairable products should allow for easy opening,
and parts with higher failure rates should be the most accessible (Huang et al., 2016). When
adhering to these repairability principles, non-reversible part connections are less likely
to occur, facilitating the design of printed spare parts. Additionally, for both repair and

printability, the degree of assembly modularity needs to be balanced. Integrating too many
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parts into bigger modules decreases disassembly time but increases costs (Dangal et al.,
2022) and complicates printing. However, standardising product parts would reduce the
need for printed spare parts. Managing the logistics for standardized parts is easier as these
are less likely to become obsolete quickly, reducing the risk of overproduction, redundancy,

and prolonged storage costs.

While the use of printed spare parts could extend the product’s lifetime, the question
remains whether this warrants the environmental impact of their production. Currently,
injection-moulded spare parts are more environmentally friendly than printed ones, even
with longer storage periods or potential overproduction (Hinze, 2025; Nijhof, 2025). This
is mainly due to the energy consumption and material impact of additive manufacturing,
as well as the number of printing iterations. From an environmental perspective, the
overproduction and storage might for many parts be favourable over 3D-printing on
demand (Hinze, 2025). This dissertation helps to reduce the impact of printed spare parts
by giving designers more insight into what makes a part suitable and how to design suitable
parts, thus lowering the number of printing iterations. The environmental impact of printed
spare parts can be reduced further by choosing printing materials with a lower footprint or

by favouring printing methods with a lower energy consumption.

7.5 CONTRIBUTIONS TO SCIENCE

The main contribution of this dissertation to science is its investigation into how the design
of spare parts affects their printability. It demonstrates how the suitability of product parts
for additive manufacturing can be estimated by comparing design requirements and
manufacturing capabilities. This approach is innovative because most existing studies
primarily focus on classifying suitable parts based on their geometry or the benefits to supply
chain management (e.g., Chaudhuri et al., 2020; Frandsen et al., 2020; Haruna & Jiang, 2020;
Khajavi et al., 2018; Knofius et al., 2016). While these studies acknowledge that technical
feasibility is important in determining whether a part is suitable for additive manufacturing,
they generally lack insight into how to assess it. As a result, it becomes difficult to identify
what the design complexity and most significant design challenges will be. With the approach
in this dissertation, designers can determine to what extent a part is suitable for additive

manufacturing and which design aspects should be targeted to improve this.

This study also presents two new ways of designing printed spare parts. Through literature
review, workshops, case studies, and practical examples, we developed the 3D-printing for
Repair process and the equivalent design method with additional tools to support the designer.
Other studies have explored the design of 3D-printed spare parts but presented a limited

number of case studies to demonstrate the benefits of 3D-printed spare parts (e.g., Park, 2015;
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Terzioglu et al., 2016). None of these studies explores how to develop a systematic design
approach for printed spare parts nor how designers should implement this. Additionally, the
trade-offs in designing for both injection-moulding and additive manufacturing have rarely
been investigated as most studies assume that 3D-printed spare parts involve replicating an
existing (injection-moulded) part with additive manufacturing. As our research shows, this
limits the opportunities for printed spare parts, so instead we explored how the original part
design could be changed to enable the use of printed spare parts.

7.6 CONTRIBUTIONS TO SOCIETY

The main contribution of this dissertation to society is the practical tools it provides to
enhance product repair. The 3D-printing for Repair process in Chapter 3 gives consumers
a step-by-step approach to replacing broken or missing spare parts with 3D printing. We
made this process more accessible to consumers through the 3D-printing for Repair guide
(Bolafios Arriola et al., 2022), which also includes a series of instruction videos. While
this approach is not the most suitable for large-scale production of spare parts, it can be
used as a bottom-up approach to enhance product repairability and extend the lifetime of
products. To enhance product repairability on a larger scale, we developed the equivalent
design process in Chapter 6. This process can be used by the original product designer and
manufacturer to design a product where the original part is produced through injection
moulding and the spare part with additive manufacturing. This design process is further
supported through the function identification tool and design ideation tool, both also
presented in Chapter 6. With these tools, designers will have guidance on the intended part

functionality and how to prevent or overcome the resulting design challenges.

Additionally, this dissertation also provides more insight into the capabilities of injection
moulding and additive manufacturing for a comprehensive list of design requirements.
While numerous online resources compare injection moulding and additive manufacturing,
most are limited to geometrical differences and constraints. This comparison is challenging
to supplement with insights from academic research, as most studies examine the
capabilities of additive manufacturing on a lab scale rather than on an industrial level. The
overview in Chapter 5 presents a comprehensive overview of industrial manufacturing
capabilities, collected from a wide variety of sources. This overview will support designers
and manufacturers in their understanding of the differences between injection moulding
and additive manufacturing. Also, as the manufacturing capabilities are linked to the product

requirements, it will be easier to apply them in the design process.
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7.7 CONCLUSION AND RECOMMENDATIONS

To conclude, additive manufacturing is a promising method for producing spare parts. While
it might not be a systematic solution for all parts and products, it can provide spare parts
long after initial production has ceased or give legacy products a longer product lifetime.
Currently, only a relatively small percentage of spare parts can be printed, but this could be
addressed through careful design of the printed spare parts. In this dissertation, we have
explored the capabilities of additive manufacturing and the various ways in which a printed
spare part can be designed. By understanding the gap between the two manufacturing
methods and adjusting the design accordingly, it becomes easier to produce 3D-printed
spare parts. As additive manufacturing is flexible and rapidly evolving, it could be the missing

link to enable long-term product repairs in the future.

There is stillample room for further research and development to ensure that printed spare

parts are sustainable, viable and safe. Below, we discuss several possible directions.

First, the sustainability impact of printed spare parts must be reduced. The sustainability
impact of additive manufacturing is generally high, so printed spare parts should be applied
in a way that makes sense from an environmental point of view. We need more insight
into what determines the sustainability impact of printed spare parts, for example through
lifecycle analysis, to ensure their use is justified. Additionally, more sustainable design
methods can be integrated into the design of printed spare parts, including design for
repair, as suggested in this discussion. There is also potential for further development of
additive manufacturing methods to enhance both their manufacturing capabilities and

sustainability impact.

Secondly, the operational viability of printed parts should be optimised. While this
dissertation analysed the technical feasibility of printed spare parts, various other factors
need to be optimised before they can become viable from an operational point of view.
Some form of quality control and certification should be established to ensure that a part
adheres to the safety and performance regulations, either through the original manufacturer
or additive manufacturing service providers. Additionally, as printed spare parts are likely
significantly more expensive than original spare parts, their economic viability should be
balanced compared to long-term storage. Besides certification and costs, other important
factors include turnover time and logistics, legislation, liability, and intellectual property
rights of printed parts. These factors have not been addressed in this dissertation but should

be studied further to ensure the operational viability of printed spare parts.
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