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“Whatever you are not changing,

you are choosing”
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Summary

Today’s industrialized societies face the challenge of integrating economic activity with
sustainable consumption. Prosperity has come hand in hand with environmental
damage. Product lifetimes are decreasing and there is a rising demand for high-tech
products for which no effective recycling is in place. Hence, the value from products is
lost to waste. The current use and management of the Earth’s resources is
unsustainable.

The circular economy (CE) aims at slowing, closing, and regenerating the flow of goods
and materials that enter the economic system. It posits retaining the value from
products and encourages a shift to renewable energy resources. In this way, the CE will
help reduce our current accelerated resource depletion. In particular, product repairs
can help slow down the flow of goods. Repairing products provides an alternative to
premature product replacement, and contributes to a significant reduction of waste.

In this thesis, | look in detail at the process of fault diagnosis, one of the initial steps to be
taken when repairing products. Fault diagnosis identifies the faulty component(s) or
cause of failure in a malfunctioning appliance and is therefore essential for efficiently
repair. It enables the time, cost, and skills required for the component repair to be
established.

At the start of this PhD, literature had not addressed how end users went through the
fault diagnosis process. Neither had it addressed how design could affect this process.
However, gaining a complete understanding of the diagnosis process is important to
stimulate repair. To this end, in this thesis | address the following two main research
questions:

(1) How do end users, with limited repair experience, diagnose faults in household
appliances?

(2) How does the design of a household appliance influence the fault diagnosis process?

We investigated both questions by taking a mixed methods approach. We applied both
qualitative and quantitative research and analysis techniques including: literature
reviews (chapters 2, 3, and 4), content analyses (chapters 3 and 5), and a user
observational study (chapter 4).



The first main research question: How do end users, with limited repair experience,
diagnose faults in household appliances? was addressed in chapters 3, 4, and 5. From
these three studies, we derived a framework that describes the processes users follow to
diagnose a fault in household appliances (see figure 1).
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We distinguish between two main routes to diagnose a fault. The first is the component-
oriented route. This consists of the steps of fault detection, fault location, and fault
isolation. It identifies and pinpoints the faulty component. The second is the cause-
oriented route. This consists of the steps of fault detection and direct remediation. This
latter route aims to directly restore the appliance’s functionality, avoiding inspection.

The most adequate route for diagnosis depends on the nature of the fault. The
component-oriented route is recommended for faults in the components for which
there is not a strong coupling between symptom and fault, such as defects. The cause-
oriented route is generally recommended for faults caused by common causes of failure.
For example, faults due to overdue maintenance or internal error state (for electronics).
The symptoms are often well-known and strongly coupled to the causes of failure. A
cheap and fast solution is available.

In our studies, end users generally needed expert guidance to successfully diagnose
common faults in the selected appliances. At iFixit, a wiki-based self-repair platform, end
users asked experts for help to locate the faults in their appliances (chapter 3). In our
observational study (chapter 4), participants needed hints to be able to disassemble the
appliance. Without those hints, they would not have continued the diagnosis. Lastly, in
Chapter 5, we show that manuals generally advise a cause-oriented route to diagnosis
rather than a component-oriented route. Thus, the support provided for end users is
generally limited to the diagnosis of overdue maintenance faults.

The second main research question we addressed is: How does the design of a
household appliance influence the fault diagnosis process? Chapters 2, 3, and 4 address
this question. The results show that design affects the diagnosis process in two ways. It
can (1) affect the feasibility of the diagnosis steps, and (2) provide guiding cues for end
users.

In our studies, the appliances’ design generally hindered the diagnosis process. Lack of
visual and manual access to the components hampered fault location and fault isolation
(chapter 3). In chapter 4, we saw that a difficult disassembly process hinders both fault
location and isolation. However, we also show that design cues can guide end users
through the diagnosis steps (chapter 4). Textual signals or the arrangement of
components can provide cues for users to continue the diagnosis. Based on these
insights, in chapter 4, we proposed a set of preliminary guidelines. These were expanded
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in Chapter 6 to include the insights from previous studies. These new guidelines are
depicted in figure 2.

My thesis makes two main contributions to supporting CE development. First, it provides
an original framework of the diagnosis process by end users, and second, it contributes a
set of design guidelines to facilitate diagnosis. Further testing of these guidelines is
needed, but we anticipate that both the framework and the guidelines will be valuable
for design practice to design easy-to-diagnose appliances. Moreover, the empirical
evidence provided on the product-user interaction advances knowledge on how end
users go through the diagnosis process, which in turn is relevant to further understand
current repair practices.
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FACILITATE FAULT DETECTION AND
SYMPTOM-TO-CAUSE DEDUCTION BY
GIVING TIMELY AND
UNDERSTANDABLE FEEDBACK

Designers can ease fault detection
and symptom-to-cause deduction by
providing audio and textual cues. For
instance, designers can guide and
educate end users on the sounds the
appliances make during a working
cycle. Moreover, text signals can
communicate the process the appli-
ance is executing, thereby providing
guidance and understanding in case
of a fault.

FACILITATE DISASSEMBLY AND
REASSEMBLY IF NEEDED FOR
INSPECTION

Designers can ease disassembly and
reassembly by considering the
fastener types and their access. For
instance, fasteners would be prefera-
ble to adhesives. Fasteners prone to
damage and breakage during remov-
al should also be avoided (Pozo
Arcos et al, 2018).

Figure 2 - Design Guidelines for Fault Diagnosis

IS

FACILITATE INSPECTION OF
COMPONENTS WITHOUT THE NEED
FOR DISASSEMBLY

Designers can avoid the need to
disassemble the appliance by provid-
ing lids and doors to access the
components. Including testing points
in the components can also ease
checking their condition. Moreover,
making faults visible through the
material's casing can also ease
inspection without disassembly.

A

FACILITATE NAVIGATION OF THE
PRODUCT’S CONSTRUCTION

Designers can help users navigate the
appliance. In particular, the arrange-
ment of components can guide users
through different paths. For example,
if components that are likely to fail are
located on the surface, they can be
quickly identified. Another possible
arrangement could be one that guides
the user through the input-output flow
of materials. This would communicate
existing relationship between compo-
nents.
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De geindustrialiseerde samenlevingen van vandaag staan voor de uitdaging om
economische bedrijvigheid te integreren met duurzame consumptie. De welvaart is gepaard
gegaan met milieuschade. Producten gaan steeds minder lang mee en de vraag naar
hightechproducten waarvan geen effectieve recycling mogelijk is neemt toe. De waarde van
producten gaat verloren in afval. Als gevolg daarvan zijn het huidige gebruik en beheer van
de natuurlijke rijkdommen van de aarde niet houdbaar.

De circulaire economie (CE) is erop gericht de stroom aan goederen en materialen die het
economische systeem binnenkomt te vertragen, te sluiten en te regenereren. Daardoor
blijft de waarde van producten behouden en wordt de overstap naar hernieuwbare
energiebronnen gestimuleerd. Zo levert de CE een bijdrage aan het terugdringen van onze
huidige versnelde uitputting van bronnen. Met name het repareren van producten kan de
goederenstroom vertragen. Producten repareren biedt een alternatief voor de voortijdige
vervanging van producten en draagt bij aan een significante vermindering van de
hoeveelheid afval.

In dit proefschrift kijk ik in detail naar het proces van storingsdiagnose, een van de eerste
stappen die moeten worden genomen wanneer een product wordt gerepareerd. Bij een
storingsdiagnose worden het defecte onderdeel (of onderdelen) of de oorzaak van een
storing bij een defect apparaat vastgesteld, wat deze onmisbaar maakt voor een efficiénte
reparatie. Daarnaast kunnen hiermee de tijd, kosten en vaardigheden die nodig zijn om het
onderdeel te repareren worden vastgesteld.

Bij aanvang van dit promotieonderzoek was er in de literatuur nog geen aandacht besteed
aan de manier waarop eindgebruikers het proces van storingsdiagnose doorlopen. Ook de
potentiéle invloed van het ontwerp op dit proces was nog niet onderzocht. Niettemin is het
verkrijgen van volledig inzicht in het diagnoseproces belangrijk om reparaties te bevorderen.
Daarom beantwoord ik in dit proefschrift de volgende twee hoofdonderzoeksvragen:

(1) Hoe diagnosticeren eindgebruikers, die beperkte ervaring met repareren hebben,
storingen in huishoudelijke apparaten?

(2) Welke invloed heeft het ontwerp van een huishoudelijk apparaat op het
storingsdiagnoseproces?
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We hebben beide vragen onderzocht op basis van een combinatie van methodes. We
hebben zowel kwalitatief als kwantitatief onderzoek gedaan, en tot de gebruikte
analysetechnieken behoren literatuuronderzoek (hoofdstuk 2, 3 en 4), content-analyse
(hoofdstuk 3 en 5) en onderzoek op basis van gebruikersobservatie (hoofdstuk 4).

De eerste hoofdonderzoeksvraag — hoe diagnosticeren eindgebruikers, die beperkte ervaring
met repareren hebben, storingen in huishoudelijke apparaten? —komt aan bod in hoofdstuk
3,4 en 5. Uit deze drie onderzoeken hebben we een schema afgeleid dat de processen
beschrijft die gebruikers volgen om een storing in een huishoudelijk apparaat te
diagnosticeren (zie figuur 1).
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Figuur 1. Schema van het proces van storingsdiagnose door eindgebruikers



We onderscheiden twee hoofdroutes voor de diagnose van een storing. De eerste is de
onderdeelgerichte route. Deze bestaat uit de stappen storingsdetectie, storingslocatie en
storingsisolatie. Het defecte onderdeel wordt hierbij vastgesteld en gelokaliseerd. De
tweede is de oorzaakgerichte route. Deze bestaat uit de stappen storingsdetectie en directe
remediéring. De tweede route is gericht op het direct herstellen van de functionaliteit van
het apparaat, waarbij inspectie wordt overgeslagen.

Wat de meest adequate route voor de diagnose is, is afhankelijk van de aard van de storing.
De onderdeelgerichte route wordt aanbevolen voor storingen in onderdelen waarbij geen
sterk verband bestaat tussen het symptoom en de storing, zoals bij defecten. De
oorzaakgerichte route wordt over het algemeen aanbevolen bij storingen die worden
veroorzaakt door veel voorkomende storingsoorzaken, bijvoorbeeld storingen die het
gevolg zijn van achterstallig onderhoud of een interne foutstatus (bij elektronica). De
symptomen zijn vaak welbekend en sterk gelinkt aan de oorzaken van de storing. Vaak is er
een goedkope, snelle oplossing voorhanden.

Bij onze onderzoeken hadden eindgebruikers meestal begeleiding van experts nodig om
veelvoorkomende storingen in de geselecteerde apparaten met succes te diagnosticeren.
Op iFixit, een wikiplatform voor het zelf uitvoeren van reparaties, vroegen eindgebruikers
experts om assistentie bij het lokaliseren van de storingen in hun apparaten (hoofdstuk 3).
Tijdens ons observatieonderzoek (hoofdstuk 4) hadden deelnemers aanwijzingen nodig om
het apparaat te kunnen demonteren. Zonder die aanwijzingen hadden zij de diagnose niet
kunnen voortzetten. Ten slotte laten we in hoofdstuk 5 zien dat in handleidingen over het
algemeen een oorzaakgerichte diagnoseroute wordt geadviseerd in plaats van een
onderdeelgerichte. Als gevolg daarvan is de steun die aan eindgebruikers wordt geboden
over het algemeen beperkt tot het diagnosticeren van storingen die het gevolg zijn van
achterstallig onderhoud.

Onze tweede hoofdonderzoeksvraag was: welke invioed heeft het ontwerp van een
huishoudelijk apparaat op het storingsdiagnoseproces? Deze vraag komt in hoofdstuk 2, 3
en 4 aan bod. Uit de resultaten blijkt dat ontwerp het diagnoseproces op twee manieren
beinvloedt. Het kan: (1) de uitvoerbaarheid van de diagnosestappen beinvloeden en (2)
eindgebruikers sturende signalen bieden.

Bij onze onderzoekers hinderde het ontwerp van de apparaten het diagnoseproces veelal.

Een gebrek aan visuele en manuele toegang tot de onderdelen belemmerde de
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storingslokalisering en -isolatie (hoofdstuk 3). In hoofdstuk 4 zien we dat een lastig
demontageproces zowel storingslokalisering als storingsisolatie belemmert. Maar we laten
ook zien dat ontwerpsignalen eindgebruikers door de stappen van de diagnose kunnen
leiden (hoofdstuk 4). Tekstuele signalen of de indeling van onderdelen kunnen gebruikers
begeleiding bieden voor het voortzetten van de diagnose. Op basis van deze inzichten
stellen we in hoofdstuk 4 een set voorlopige richtlijnen voor. Deze worden in hoofdstuk 6
uitgebreid om de inzichten uit eerdere onderzoeken mee te nemen. Deze nieuwe richtlijnen
worden weergegeven in figuur 2.

Mijn proefschrift levert twee hoofdbijdragen aan het ondersteunen van de ontwikkeling van
de CE. Ten eerste wordt er een oorspronkelijk schema geboden van het diagnoseproces van
eindgebruikers en ten tweede wordt er een set ontwerprichtlijnen voorgesteld om diagnose
te vergemakkelijken. Deze richtlijnen zullen verder moeten worden getest, maar wij
verwachten dat zowel het schema als de richtlijnen in de ontwerppraktijk waardevol zullen
zijn voor het ontwerpen van gemakkelijk te diagnosticeren apparaten. Daarnaast vergroot
het vergaarde empirische bewijs over de interactie tussen gebruikers en apparaten de
kennis over de manier waarop eindgebruikers het diagnoseproces doorlopen, wat op zijn
beurt relevant is voor meer inzicht in huidige reparatiepraktijken.
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FACILITEER STORINGSDETECTIE EN DE
DEDUCTIE VAN SYMPTOOM NAAR
OORZAAK DOOR TIJDIGE EN
BEGRUPELIKE FEEDBACK TE GEVEN

Ontwerpers kunnen storingsdetectie en
de deductie van symptoom naar
oorzaak vergemakkelijken door middel
van geluidssignalen en tekst. Zo kunnen
ontwerpers eindgebruikers bijvoorbeeld
richtlijnen en voorlichting bieden over
de geluiden die een apparaat produ-
ceert tijdens een operationele cyclus.
Daarnaast kunnen tekstuele signalen
communiceren welk proces het appa-
raat aan het uitvoeren is, om richting en

inzicht te geven in geval van een storing.

FACILITEER DEMONTAGE EN
HERMONTAGE ALS DIE NOODZAKELUK
ZIJN VOOR DE INSPECTIE

Ontwerpers kunnen demontage en
hermontage vergemakkelijken door
aandacht te besteden aan de soorten
bevestigingen en de toegankelijkheid
daarvan. Zo hebben mechanische
bevestigingen de voorkeur boven
kleefstoffen. Bevestigingen die tijdens
het verwijderen kunnen worden
beschadigd of breken moeten
eveneens worden vermeden (Pozo
Arcos et al, 2018).

s

FACILITEER DE INSPECTIE VAN
ONDERDELEN ZONDER DAT
DAARVOOR DEMONTAGE VEREIST IS

Ontwerpers kunnen de noodzaak om
een apparaat te demonteren wegne-
men door met deksels en kleppen
toegang te geven tot de onderdelen.
Het opnemen van testpunten in de
onderdelen kan het controleren van de
toestand daarvan eveneens verge-
makkelijken. Inspectie zonder demon-
tage kan bovendien worden verge-
makkelijkt door storingen zichtbaar te
maken door de behuizing van het
product heen.

D

FACILITEER DE NAVIGATIE VAN DE
CONSTRUCTIE VAN HET PRODUCT

Ontwerpers kunnen gebruikers helpen
bij het navigeren van het apparaat.
Met name de indeling van onderdelen
kan gebruikers door verschillende
trajecten leiden. Als bijvoorbeeld
onderdelen die snel storingen verto-
nen zich aan het oppervlak bevinden,
kunnen deze snel worden geidentifi-
ceerd. Een andere mogelijke indeling
is er een die de gebruiker door het
invoer-uitvoertraject van materialen
leidt. Dat zou de relatie tussen onder-
delen communiceren.

Figuur 2. Ontwerprichtliinen voor storingsdiagnose



CHAPTER1

INTRODUCTION

MANUFACTURING

RESOURCES » BASE MATERIALS UTILIZATION » WASTE

2

Closed loop economy (Stahel, 2006) pg. 193



One of today’s challenges for industrialized societies is how to integrate economic
activity with an efficient and sustainable use of the planet’s limited resources (Stahel,
2013). Prosperity now comes hand in hand with environmental damage. The earth’s
limited resources are depleting at a fast pace. Product lifetimes in consumer products
have been declining (Bakker et al., 2014; Stamminger and Hennies, 2016). Moreover,
there is a high demand for short-lived high-tech consumer products for which no
effective recycling and material recovery infrastructures are in place (Tansel, 2020).
Hence, the value from products is lost to waste. The current use and management of the
Earth’s resources is unsustainable (ibid).

The circular economy is a means to change these currently unsustainable practices
(Stahel, 2006). In particular, repair practices are a strategy that can bring about positive
change (Stahel, 2013). Product repairs require little energy and few resources for
extending the life of products (Cooper and Gutowski, 2017). They are an effective way of
increasing product lifetimes and can slow down the flow of materials, thereby
preventing waste. Ramping up repair practices can also result in a reduction of emissions
from transportation and production of new products (Stahel, 2006). Moreover, repair
practices run on “manpower” and can be done locally. So they can have an added
positive socioeconomic impact by creating jobs at home and boosting economic
development. The smaller the economic loop, the more profitable and resource efficient
it becomes (Stahel, 2006).

In Europe, the repair market of consumer products is in decline due to product, service,
and system level barriers (Svensson-Hoglund et al., 2021). Current product design makes
repairs difficult (iFixit, 2019; Pamminger et al., 2017; Repair Cafe International
Foundation, 2020) as it influences how time-consuming, complicated, and economically
viable the repair will be (Imrhan, 1992; Sabbaghi et al., 2017; Wani and Gandhi, 1999).
Specifically, the high labour costs hamper its profitability (Allwood et al., 2011). At a
system level, repair practices currently face legal and market barriers, e.g. infringement
of intellectual property rights and contract agreements, unfavourable consumer and tax
laws, and negative consumer perceptions of repaired products (Svensson-Hoglund et al.,
2021). Technical, value, and emotional factors influence consumer’s decision to repair
(Terzioglu, 2021). Moreover, the infrastructure available is decisive in facilitating repairs
(Jaeger-Erben et al., 2021).
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Design can help overcome product-level barriers, which, in turn, can reduce some of the
abovementioned service and system barriers (Allwood et al., 2011; Dindarian et al.,
2012; European Environment Agency, 2017). For instance, changes to the design of a
product could translate into a more rapid repair process and lower costs, thereby
resulting in better competition against product replacement. However, at the start of
this PhD-project, know-how on design for repair neglected the fault diagnosis process.
Research on repair practices presented an incomplete picture of the process, which in
turn translated into fragmented guidance for designers. Of the main steps involved in the
repair process (fault diagnosis, disassembly, repair, and reassembly) (Cuthbert et al.,
2016); disassembly had been largely explored (Alonso Movilla et al., 2016; Mathieux et
al., 2018); while fault diagnosis had been neglected. Hence, fault diagnosis was selected
as the focal area of our study.

A smooth, rapid, and transparent fault diagnosis process can greatly facilitate product
repair. It identifies the defective component in a machine (Mahabala et al., 1994) and
determines its operational condition (USA Department of Defense, 1988). Fault diagnosis
is often considered the most time consuming step in a repair process (Kane, 2016).
Hence, when easily performed, overall repair time will be shortened. Moreover, a
successful diagnosis process can positively influence the repair-or-replace decision-
making process. The time, effort, skills, and knowledge needed to repair a product all
influence the user’s decision to repair (Terzioglu, 2021). Hence, a successful diagnosis
could potentially ease this decision. However, despite its relevance for repairs, little was
known about how end-users address the fault diagnosis process when a failure occurred
in their appliances. Instead, the literature addressing this topic mostly described how it
was carried out by computers in dynamic systems (Khaksari, 1988; Patton et al., 2000,
1989) and how operators troubleshot automated industrial machinery (Bereiter and
Miller, 1990, 1989).

In this thesis, we examine how users carry out the diagnosis process, and how product
design affects its execution in household appliances in view of adapting products for life
extension. We contribute to the currently available picture of the fault diagnosis process
from two previously unexplored perspectives: the end users and the product design of
appliances. We provide a clear description of the steps end users take towards a
successful diagnosis and, in addition, we provide knowledge for design practitioners
aiming to make their products easier to diagnose.



This chapter briefly introduces the knowledge base for the studies presented in this
thesis. Section 1.1 summarizes the concept of a circular economy and how it can
contribute to sustainable development. Section 1.2 explores how design can contribute
to the transition towards a circular economy. In section 1.3 we explain the relevance of
the process of fault diagnosis in a circular economy and explore current knowledge on
the process of fault diagnosis. Section 1.4 describes the scope of the thesis and in section
1.5 we formulate the research objective, research questions and research design.
Section 1.6 introduces relevant terms and definitions used throughout the thesis and
finally, section 1.7 outlines the thesis structure.

1.1 The circular economy for a sustainable
development

The circular economy is a school of thought originating from sustainable economics and
has recently become popular as a means of overcoming current unsustainable practices.
It encompasses many known sustainable schools of thought such as industrial ecology,
cradle-to-cradle design, and biomimicry (Ellen MacArthur Foundation, 2017). At its core,
a circular economy is about stock optimization (Stahel, 2013). It posits reducing waste
and boosting socio-economic growth by keeping products valuable, and shifting towards
a renewable energy supply (Stahel, 2006). In other words, it aims at slowing, closing, and
regenerating the current flow of materials and goods (Bocken et al., 2016).

The circular economy pursues a cradle-to-cradle approach for goods and materials that
enter the economic system. To keep a product valuable, its service-life needs to be
preserved, optimised and extended instead of it being disposed of (Stahel, 2006).
Moreover, supply chains need to form closed loops so that products can be taken back
after use, and recovered or recycled. Additionally, the circular economy requires new
forms of ‘profit’ that are uncoupled from material consumption (Bocken et al., 2016).
From a consumer perspective, a circular economy requires active participationand a
change in consumer behaviour (Camacho-Otero et al., 2020).

1.2 Design for a circular economy and repair

Design is one of the enablers that can bring about the systemic change needed to
transition to a circular economy (Allwood et al., 2011; Haas et al., 2015). Products,
services, systems, and transitions can be designed to adapt to the needs of a circular
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economy (Ceschin and Gaziulusoy, 2016). The field of design for a circular economy
starts from the premise that the flow of materials and goods must change: the flow of
resources must be slowed down and closed.

Goods can be designed to be long-lasting by designing for physical and emotional
durability (Den Hollander et al., 2017); and/or designed for extending their lifespan
through direct reuse, maintenance and repair, refurbishment, remanufacture or
technology upgrading. Recent research suggest that an adequate recovery strategy has
to consider the product’s optimal lifespan (Bakker et al., 2014; Kim and Kwak, 2012).
Repair practices are specially recommended for those products for which the
environmental impact of replacement is higher than the impact of repair (Bakker et al.,
2014; Bovea et al., 2020; Cooper and Gutowski, 2017). This applies for most consumer
products that fail before their “optimal lifetime” (Kim and Kwak, 2012). Recycling is seen
as a better option for technologically obsolete products or products in a state beyond
repair (Stahel, 2006).

The literature notes several approaches to facilitate product repair by design. Some
researchers have focused on understanding which design principles facilitate repair, and
how these can be implemented in products. For instance, Den Hollander (2018)
identifies 16 design principles relevant to design for repair. Asif et al. (2021), and Jose and
Tollenaere (2005) explore how to embody modularity, a relevant principle for product
repair. Other strands of research have focused on the disassembly step and provide
design tools to facilitate it (De Fazio et al., 2021; Vanegas et al., 2018). Another approach
has been to analyse how repairable a product is through reparability indicators
(Bracquené et al., 2021). The product design, availability of parts, service provided, and
available repair information are assessed, which in turn provides relevant insights for the
products’ redesign. Other approaches have been more general and have analysed
relevant properties for the circularity of products (e.g. durability, reparability, reusability,
and recyclability) (Shahbazi and Jonbrink, 2020; Tecchio et al., 2016). Lastly, papers
analysing the potential for reuse of discarded appliances have also contributed relevant
knowledge to improve product repair (Dindarian et al., 2012; Parajuly and Wenzel,
2017).

In many of these studies, fault diagnosis is considered as an important aspect of a repair,
but we have not been able to find any studies that analyse it in depth. Moreover, the
user’s perspective in the repair process is insufficiently represented. Studies on repair
practices mostly focus on the attitude of users and their engagement with repair



behaviour (Jaeger-Erben et al., 2021; Lefebvre et al., 2018; Terzioglu, 2021). The
difficulties and motivations faced by DIYers and independent repairers have also been
studied (Charter and Keiller, 2014; Raihanian Mashhadi et al., 2016). However, there is
little knowledge on how consumers (end-users) actually repair their appliances. The
product-user interaction from failure to diagnosis had not been extensively investigated.

1.3 The process of fault diagnosis and its importance
for product repair

The advent of the circular economy has brought attention to the process of fault
diagnosis for recovering consumer products. Cuthbert et al. (2016) considered it a key
factor for increasing the reparability of household appliances, and Sabbaghi et al. (2017)
concluded that fault diagnosis could influence the profitability of repair practices.
Moreover, it is needed to determine the potential for reuse of household products after
disposal (Dindarian et al., 2012; Parajuly and Wenzel, 2017).

Early references in the literature to the process of fault diagnosis focus on industrial,
complex systems, and military applications. “Diagnostics, i.e. fault detection, fault
location and fault isolation, is the process of detecting, localizing, isolating and fixing the
failures in such sophisticated systems” (Khaksari, 1988). Its importance is related to safety
and reliability reasons, and to maintain the operational readiness (availability) of military
machinery, industrial plants, and large infrastructures (Fox et al., 1983; Isermann, 2006;
Patton et al., 2000; USA Department of Defense, 1988).

Due to the complexity of such systems, operators were not expected to perform the
diagnosis process on their own, instead they would be supported by expert systems
(Kluge and Termer, 2017). Hence, most of the literature describes the diagnosis process
by expert systems -a subfield of artificial intelligence that tries to imitate human expert
problem-solving skills (Khaksari, 1988). In these systems, diagnosis consists of providing
information to computers either manually or through sensors (Fox et al., 1983), and
when using this information, the expert systems embedded in the infrastructure would
determine the source of the fault and recommend corrective actions.

Few studies have researched how operators conduct the fault diagnosis process in
complex machinery. Morris and Rouse (1985) present an early review on the cognitive
process of problem-solving or troubleshooting, and on the skills that make a good
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troubleshooter. Bereiter and Miller (1990, 1989), through case studies, investigated
difficulties encountered by expert maintenance technicians during the fault diagnosis
process. They describe three main tasks for diagnosing an automated manufacturing
system: information collection, hypothesis testing, and repair attempts. Patrick (1993)
describes the fault diagnosis process followed in a steel mill. The process consisted of
three main stages or goals: first, the initial symptom identification, second, fault set
reduction, and third, fault search within a computer controlled subsystem. Recently,
Kluge and Termer (2017) describe the diagnosis followed by maintenance workers for
three fault scenarios in a large industrial system. The descriptions of the diagnosis
process in these papers are product specific and differ from each other. Nonetheless, a
three step approach seems to be a common feature to these reports.

Recent research on the process of fault diagnosis now includes household appliances,
although the focus remains on technology. For instance, Baek et al. (2020) investigated
how to facilitate the diagnosis of rotary parts of washing machines using a smartphone.
Marcu et al. (2017) present a method to detect faults in worn out washing machine
brushes using the appliance’s power signature. Recent studies also show a similar
interest in improving fault detection techniques via sound in common rotary
components of household appliances e.g. bearings and induction motors (Glowacz,
2019; Jiang et al., 2018; Malla et al., 2019). Other studies have explored how to connect
household appliances to smart networks to facilitate their service by using technology
like the internet of things, cloud computing, and machine learning (Ahmad et al., 2014;
Bhavana, 2020; Prist, 2020). Yet, none of these papers provides a complete description
of the fault diagnosis process in household appliances.

On the other hand, popular sources such as Davidson (2004), Kleinert (2013), and Mostia
William L. (2006) do provide descriptions of the steps needed to identify the cause of
malfunction in consumer products, although they differ. Kleinert (2013) describes a test-
based diagnosis process specific to certain appliances. Mostia William L. (2006) and
Davidson (2004) describe different steps with three main common stages: (1) collect
information about the malfunction and symptoms the appliance presents; (2) relate
symptoms to possible causes using different sources of information, and (3) test the
proposed solutions in the components to finally (4) make the repair.

However, in these investigations of the diagnosis process, a general framework of the
process is lacking and the end-user perspective as an actor of the diagnosis process is not
depicted. Some studies looked into the cognitive aspects of troubleshooting (Jonassen



and Hung, 2006), and search strategies and skills needed to troubleshoot by differently
skilled participants (Morris and Rouse, 1985). However, how end users with little repair
experience would go about the process of diagnosis in household appliances has not
been investigated.

1.4 Scope

The studies in this thesis deal with the topic of fault diagnosis of household appliances
and their design. We chose to focus on household appliances due to their broad
adoption. We selected electromechanical appliances and not electronic products
because the former provide a greater variety of design features than the latter.
Furthermore, we review the process of fault diagnosis in the context of a repair and the
design of a product, meaning its physical design, not the service around it or the system
in which it is used.

The subjects of interest in this thesis are end users with relatively low repair skills. It is
assumed, due to the complexity of the diagnosis process, that this type of end user will
have the most difficulties performing the process of fault diagnosis. Insights into how
they go about the diagnosis process are important to stimulate repair.

1.5 Research objective, research questions and
research design

In the previous sections, we identify two main gaps of research. First, we were unable to
find any studies describing how end users diagnose their products. Second, how the
design of a product can affect the process for end-users has also not been studied.
Nonetheless we expect that this impacts the time, skills, and costs associated to the
diagnosis process, and consequently the repair. Therefore, in this thesis, we aim to
understand the steps end-users follow to diagnose a malfunctioning household
appliance and how this process might be affected by the design of a product. These aims
translated into the following research questions:

1. How do end users with limited repair experience diagnose faults in household
appliances?
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2. How does the design of a household appliance influence the process of fault
diagnosis for end users?

We investigated both questions together in the thesis because the diagnosis process
occurs as an interaction between the user and the product. The research follows a mixed
methods approach, incorporating both forms of inquiry and data analysis: qualitative
and guantitative (Creswell and Creswell, 2018). The research methods employed for the
empirical studies include: two qualitative content analyses and an observational study in
which the participants thought aloud. These methods allowed us to gain insights from
users, with minimum disturbance in their practice. The data analysis is mostly qualitative
as the aim of the thesis is to explore and provide an understanding of a topic based on
multiple individual experiences of people not previously studied (Creswell and Creswell,
2018). In addition, we performed quantitative analyses to find correlations between
factors or provide the count of occurrence of certain parameters relevant for the
analysis.

The relevance of this thesis lies in the essential nature of fault diagnosis for product life
extension. It contributes by providing a model of how end users go through the fault
diagnosis process when diagnosing consumer products. Apart from its scientific
contribution, in this thesis we provide recommendations for designers to facilitate the
diagnosis process by design. Understanding the process can contribute to facilitating an
active role for users in a circular economy and the design of easier-to-diagnose products.

1.6 Relevant terms and definitions

Throughout this thesis, the following terms are frequently used: repair, fault diagnosis,
end user, household appliance, and (product) design. This section defines our use of
these terms.

The definition of repair is based on the standard ISO 14009:2020, which provides
guidelines for “incorporating material circulation in design and development”. The
Ecodesign Directive 2009/125/EC (European parliament and the Council, 2009) guiding
Ecodesign framework for Europe’s Circular Economy Action Plan, recommends using the
ISO 14000 family of standard to interpret terms throughout the regulation. Based on the
standard, repair is the “process of returning a faulty product to a condition where it can
fulfil its intended use”. On the other hand, the definition of maintenance used in this
thesis, is the same as one used in a recent thesis on product care: “Maintenance is
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defined as the process of keeping something in an existing state and preserving it from
failure or decline” (Ackermann, 2020). Thus, this thesis distinguishes between repair and
maintenance and assumes that repair occurs when a product malfunctions, and
maintenance occurs before product malfunction. All actions that aim at restoring the
functionality of a product are considered repairs.

The International Electrotechnical Commission, a source for other definitions in the
standard, defines a fault as “the inability of an item to perform as required, due to an
internal state.” (IEC 192-04-01, 2015) and fault diagnosis as the “action to identify and
characterize the fault. Fault diagnosis may also localize the fault and/or indicate its
cause” (IEC 192-06-20,2015).

The term troubleshooting often appears in the literature to describe a process similar to
fault diagnosis. Troubleshooting is equated to fault diagnosis in different scientific and
non-scientific publications (Jonassen and Hung, 2006; USA Department of Defense,
1988). Similarly, fault-finding is equated to fault diagnosis (Patrick, 1993).

The studied actors of the diagnosis process in this thesis are the product users, also
referred to as end users: “the ultimate consumer of a finished product”’ (Merriam-
Webster, 2021). The studied products are household appliances, which are “machines
designed to do a particular task, especially in the home” (Oxford Dictionary, 2021). Of
particular interest are electromechanical appliances commonly found in households.
Last, the term design or product design is frequently used through this thesis. Pro