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Resource usage and the resulting E-waste associated with consumer electronics 
is putting a strain on the natural environment. As someone who has been 
working within consumer electronics, I am interested in how I can challenge the 
disposability associated with today’s popular electronic devices. 

Consumer electronics are becoming more and more difficult to repair. In many 
product categories older products facilitated repair better and information 
was available from manufacturers on repair and maintenance procedure. Now 
the popular manufacturers are for the most part silent and unhelpful, however 
video sharing and content sharing platforms have connected people exchanging 
information on how to repair products. Consumers who modify and change their 
products have also connected with each other through numerous forums.

The project started by looking to products which still have a repair and maintenance 
culture around them. Older products and machines are used as examples of 
repairability and both the literature concerning this and personal experience has 
been analysed.

The practical component of the project is about creating a product that currently 
has widespread ubiquitous use, but where conscientious consumers are simply 
not being offered the opportunity of purchasing a repairable option. While this 
represents a relatively niche market opportunity, change is happening. Pressure 
from consumers and from European Union legislation is calling for repairable 
devices. Wireless headphones were selected for analysis and design as they are a 
common consumer electronics product where lifespan is now challenged by many 
of the same issues surrounding smart devices. 

An online survey was conducted to study what users expect from headphones in 
terms of functionality, expected lifespan and repair. A pair of wireless headphones 
were designed with the goal of facilitating repair and hacking. To this end the 
parts which house and support the electronics were designed to be 3d printable 
with the intention that the user could change the parts which are most likely to 
chemically degrade or become obsolete.  The overall design was driven by stock 
components such as speaker drivers, batteries and audio modules aimed at the DIY 
audio market.

It is not currently in manufacturers’ interests to design for repair as it seems 
that consumers no longer have high expectations for product lifetime, and it 
would require a change in business model for the enterprises. From a practical 
perspective it is possible to design repairable wireless headphones, and the 
immediate opportunity may lie in small manufacturers using crowd sourcing 
platforms targeting people who are already hacking and repairing headphones, 
hopefully going forward design for repair will eventually become more widespread 
based on consumer pressure and legislation.

Keywords:
Product Lifecycle, Design For Repair, Hacking, Fab Labs, Reparability, Consumer 
Electronics, DIY Audio
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My own perspective on design has changed significantly in the last few years. Prior 
to coming to Finland, I had been studying and working mainly in the engineering 
side of consumer electronics product development. In Finland I have spent most 
of my time absorbed in craft and considering the conflict between commerce and 
sustainability. I have been asking myself why I should be a product or industrial 
designer, what the point is apart from subsistence. Is it not just contributing further 
to unnecessary consumption and the resulting environmental problems?  

The environmental problems we face today are manifold and not easy to address. 
Complex problems such as reliance on fossil fuels, population increase, poor 
waste management and lax government regulation are all contributing factors. 
Over-consumption, consumer trends and unnecessary repeat purchasing are of 
particular interest to me, and form the underlying basis for this design project.

There is an inextricable link between a culture of replace rather than repair and 
negative environmental consequences. It is my contention that the development 
of this culture has been influenced by many factors, including the increasing cost 
and complexity of repair, as well as a fundamental distancing of people from an 
appreciation of “craft” and the relationship between humans and tools.

However the culture of repair was widespread not that long ago, and there is a 
growing (albeit small at the moment) resurgence apparent in an interest from 
consumers in repair. Much of this is driven by a widespread growing consciousness 
of the severe environmental consequences of unchecked consumerism and rampant 
wastefulness. The barriers for many consumers to making the repair versus replace 
choice are also being recognised at government level and efforts are being made to 
bring in legislation to drive changes in the behaviour of manufacturers of consumer 
products.

My design project is about creating a product that currently has widespread 
ubiquitous use, but where conscientious consumers are simply not being offered 
the opportunity of purchasing a repairable, and therefore environmentally friendly 
option. This represents a relatively niche market opportunity. (Sabbaghia, Cade, 
Behdad, & Bisantz, 2017) 

However change is happening and I, as a designer, want to be part of that change. 
I am taking a common consumer electronics product, wireless headphones, and 
reflecting on the challenges and potential of a repairable product offering.

Introduction



010

Objectives

This thesis focuses on the topic of product repairability. Specifically, it looks at the 
category of consumer products (in contrast to industrial products). Increasingly, 
consumer products have developed to become consumer electronics, to the extent 
where they can be called computers themselves. This development has decreased 
repairability of many consumer products today, resulting in the widespread 
environmental and social issues connected to e-waste. 

In addition, the thesis focuses on the role of the consumer in product repairability. 
DIY culture, product ‘hacking’ and other forms of grass-roots initiatives enable 
consumers to understand, modify, and repair the products they own. This can be 
seen as the modern version of the deep connection of craftsmen to their tools.

These questions guided the thesis: 

From a design perspective, what influences the relationship of consumers with the 
repairability of their products?

How can product design for repair take into account the increasing number of 
electronic components in consumer products? 

How can product design affect consumers to expect and demand a high repairability 
of their purchases? 

How can a product challenge the current trend of decreasing repairability in 
consumer electronics?
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Part 1 contains background information on my personal view of the value of 
craftsmanship and tools. Old and new products are discussed in relation to repair 
before reaching the current consumer electronics situation.  This is followed by 
secondary research on planned obsolescence, repairability and regulation. Relevant 
events such as the emergence of circular economy theory and maker culture are 
also discussed here. Finally, examples of how design has tackled these issues are 
included. 

Part 2 continues by selecting a product, headphones, that is becoming more 
complex and where repairability is deteriorating. Parts and construction of 
wireless headphones are discussed and attention is drawn to aspects that challenge 
repairability. The tradition of DIY audio and headphone projects are included here.

Part 3 covers primary research on headphones. This starts with a personal analysis 
of 3 different headphones that I have owned. Results of a survey concerning repair 
and lifespan are then discussed and reflected upon. 

Part 4 describes the design and prototyping of a pair of wireless headphones and a 
conceptual distribution method for deeper consumer involvement.

Thesis Structure

The reflections on the topic of this thesis follow an explorative approach. Even 
though they are presented here in a linear fashion, they are interconnected and 
form a network of thoughts. 

This approach was chosen in order to inform the physical product design, which is 
the outcome of the thesis. 

The design of the physical products itself, which is described and photographed in 
part 4, is the condensation of the reflections. In some form, it is the summary of 
this thesis, but as a physical object. 
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According to sociologist and writer Richard Sennett, craftsmanship comes from 
an innate desire to do things well. It is about maintaining a deep connection with 
the material world and developing a skill so thoroughly it becomes rooted in the 
craftsman’s gestures and work. (Sennett, 2009) The craftsman is often involved in 
all stages of the objects development and manufacture up to its sale. According 
to design historian Adrian Forty “design is a separate activity in production once 
a single craftsman ceases to be responsible for every stage of manufacture from 
conception to sale” (Forty, 1986). 

I have reservations about the industrial design profession especially with 
regard to the climate crisis. Victor Papanek’s famous quote from 1972 that few 
professions are as harmful to the environment as Industrial design makes perfect 
sense to me (Papanek, 1972). Although not a research worthy sample size, in the 
companies I have worked for to date, the environmental impact was rarely if ever 
discussed and largely ignored. These companies had plenty of funding for research 
and development and the largest of them took the step of removing the only 
employee working on environmental impact during my time there which was very 
disheartening. 

There are of course designers working toward environmental change but for the 
vast majority of us who undertake formal industrial design education the path is 
usually to work for a studio or large company as a designer and this has been my 
path up to now. In ‘Objects of Desire’ Adrian Forty puts forward that designers 
claim to have impact and power, but in reality ‘it is the entrepreneurs and managers 
of production companies who decide what reaches the market’ (Forty, 1986). In my 
opinion this is still the case for the majority of manufactured goods. His book is 
continually referred to by design researchers and academics writing about design 
because of its lasting relevance (Parsons, 2009) (Helvert, 2016). 

Turning to craft for solace as I have done in the past has many differences to 
designing for manufacture. Pursuit of craft is rarely in anticipation of becoming 
wealthy.

While studying and working in the field of product design my hands have always 
been in contact with materials, both as a prototyping work necessity and while 
learning carpentry, metal fabrication, textile and leatherwork inside and outside 
of my main tasks. Like many I have been trying to understand the links between 
industrial design and craft and to what extent they work together rather than at 
odds with each other as has been well documented historically in the arts. 

In my home country of Ireland studying handcraft is discouraged by the wider 
population due to its precarious financial nature. The price you must charge for 
your labour in order to survive requires your goods to be sold at high prices to rich 
clients or through commissions similar to the way artists work. 

There is much discussion as to the role or the point of craft in today’s world. I think 
one important function of craft is instilling in people a better understanding of 
materials and a closer connection with them. The idea that every material comes 
from somewhere, has somehow been extracted from nature is easy to forget when 
the point of extraction is not easily visible to you. This is even more important 
to remember when dealing with materials such as plastics and metals where 
processing and production is often a mystery to the majority of people and it 
becomes easier to detach from the material. Once detached from the material it 
becomes possible to assign and use materials without thinking of their impact.

Craftsmen are connected with the material, to what degree varies depending on 
the craft. Some are connected with the material right from sourcing, the Irish harp 
maker needs to see the willow tree in order to make sure it is of sufficient diameter 
to make a sound box. It must be at least 30 years old and have not deteriorated due 
to disease (commonly happens to willow over 35 years). This no doubt gives the 
maker a sense of respect for the material and a vital knowledge of tree growth and 
forests (Smith, 1989). 

The wheelwright must be sympathetic to the grain direction of the timber they 
use as with most pre industrialisation wood craftsmen such as the cooper, bodger 
or shipwright. Modern machine based woodwork is already a degree disconnected 
from the material, for example cutting kiln dried timber on a band saw does not 
require the same attention to the grain and material defects as working greener 
wood with hand tools (Sturt, 1963). 

Part 1 - Background

Industrial design versus Craft?
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Tools
Why Tools
I am trying to make sense of the conflict between craft and industrial production. 
For my own practice I am trying to find meaning in craft and I want to use it to drive 
my own decision-making as a designer. Apart from temporary solace I think that 
craft can teach designers and engineers a lot, especially those who have influence 
over production.  

We interact with so many tools day to day and yet most of them have abandoned 
many of the traits that used to be intrinsic parts of hand-held implements. 
Obviously, many consumer tools are now quite complex especially those containing 
electronics but even in tools where functionality is not necessarily improving, 
repairability is taking a step backwards. This deliberate design for obsolescence in 
consumer goods is well documented. McCullogh refers to Slade’s research where 
he posits that this approach commenced during the great US depression, where 
manufacturers started to substitute lower cost materials into their products, which 
meant the products did not last as long thus securing repetitive consumption 
(McCullogh, 2010). 

There is an inextricable relationship between tools and repair, therefore tools, 
and how we perceive and use them, are directly linked to the environmental 
consequences of making replace rather than repair choices.

Hand Tools
Hand tools are now available at all quality and price points, while I think this is 
a good thing in terms of democratizing access to tools and hence repair of ones 
belongings, it also saddens me as some are of such poor quality that they are 
almost single use and are of little long term value to the user/consumer, enabling 
disposal with little remorse. It almost becomes a ‘Catch 22’ situation where in 
order to prevent items entering the waste stream prematurely, we buy cheap tools 
to fix them yet these cheap tools themselves do not last long and so enter the waste 
stream. 

For me the classic tool/user relationship is a deep bond that involves care and 
maintenance. The tool is expected to have a certain lifespan and this lifespan is 
only achieved through proper maintenance and repair by the owner. In terms of 
style and visual appeal the honest tool’s appearance is defined primarily by its 
function and lifespan. 

Maintaining tools builds a stronger bond between the user and the tool. Master 
craftsmen of today still have a strong connection with their tools, skilled individuals 
from many trades have this relationship of care and maintenance with tools they 
use to make a living.

According to Matthew Crawford, philosopher and mechaninc, tool use and repair 
are linked. In his book, he cites a decline in tool use as making us ‘more passive and 
dependent’ when it comes to our possessions. He is also critical of the reduction of 
vocational teaching and the knock-on effects related to consumerism (Crawford, 
2011). 

Fig 1: Some the hand tools I have repaired. (handles & sheet metal parts replaced)
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Made in Japan is synonymous with quality and value for money. Throughout my 
late childhood and early teenage years I have admired Japanese electronics and 
motorcycles. This focus changed to Japanese culture, and in particular their craft, 
as I grew older. During my studies and work life I have been experimenting with 
Japanese carpentry tools, researching them and buying them when I have had 
suitable projects. Japanese woodwork tools initially appealed to me as many are 
quite different to western tools with the most obvious difference that many cut on 
the pull stroke rather than the push. 

Some years ago a tool shop owner in Dublin explained to me that once I start using 
Japanese saws it will be difficult to switch back to western saws for the same tasks, 
something that I can now say is true, but I have realised there is more to learn 
than just mechanical differences. There is a rich cultural depth behind these tools, 
their makers and their users that in some cases transcends ubiquitous capitalist 
commerce and runs contrary to the normal human/object interaction. Now I realise 
that far more was to be gained learning about their tool culture than merely the 
functional or visual differences of their implements.

As part of my master’s studies I was fortunate to go on a student exchange in the 
craft department of Musashino Art University in Tokyo for one semester. I studied 
ceramics and woodwork while there. In the craft department, a lot of attention 
is paid to the hand tool. Students learn to use, maintain and sharpen hand tools 
before using the majority of the woodworking machines. Japanese students there 
are equally time pressured as those in Finland or Ireland, however the enormous 
number of hours invested in hand work is something I am unfamiliar with. One 
possible explanation is that craft objects are still highly regarded in Japanese 
society and the masters who make them are held in high esteem. In Ireland craft 
is not held in such regard by the majority of people and it is difficult to convince 
people of its importance and to justify choosing it as a profession.  

                                                                  

Toshio Odate, a Japanese master woodworker who moved to Atlanta, is a well-known 
source of information on Japanese tools and his own area of expertise; Shoji sliding 
door construction. Odate has published a book about Japanese hand tools much of 
which deals with technical details and sharpening instructions. Of particular note 
are his stories about different tools he owns and life as an apprentice to a master 
craftsman (Odate, 1998).  

There is a sense of spirituality when Odate speaks about the tool’s soul and the 
new year’s traditional thanking of the tools ceremony. As he describes the master 
blacksmiths who make the blades in the cutting tools it begins to make sense. The 
blade contains part of the blacksmith’s soul and for a Japanese craftsman the tool 
must be used regularly in order to honour the smith who made it. These smiths 
want to sell to master craftsmen and not collectors. Odate describes the difficulty 
in persuading certain master blacksmiths to make blades for him, as the blacksmith 
has an interest in the tools life after purchase and will not necessarily part with it 
purely for a large sum of money (Odate, 1998). This ties in with a story from a 
friend of mine in Tokyo who had studied woodcraft for over 4 years but was told he 
was not experienced enough to buy certain tools by a shop owner in the western 
suburbs. 

Japanese Tool Culture

Fig 2: My Japanese hand tools  - not respecting tradition these tools are rarely used unfortunately.
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Fig 3: Early 1960s Husqvarna 21E

Production machines be they metal lathes or sewing machines typically have been 
built with specific attention to how the machine will be maintained and repaired. 
Casings are removable, points for inspection or adding oil are easily accessed and 
original manufacturers provide schematics for assembly/disassembly.

Sewing machines are interesting as the domestic variant has changed dramatically 
in terms of user repair and device longevity. There is a very strong community 
online who share tips on how to repair older models, where to get parts, what parts 
are interchangeable between models and even 3d models to print replacement 
parts.

Older domestic machines are typically much heavier, feature a lot of metal parts 
and manuals usually contain detailed instructions for lubrication. My own machine 
is a bit over 50 years old and has been referred to ‘as one of the most reliable and 
well-designed domestic sewing machines of all time’ by a popular repairman who 
posts teardowns and maintenance videos on YouTube (Hucker, 2018). His opinion 
on the machine is likely related strongly to his experience fixing many of them as 
well as using it to sew.

As with simple hand tools relationships develop between people and machines. 
A colleague of mine has gone to considerable expense and effort to repair an old 
Singer sewing machine he has, as it has been in the family for many years. It would 
have been easier and less expensive to buy a new machine even from the same 
brand but at some point perhaps you feel like you owe the machine something 
after it has served you well for so long.

The consequent reduction in demand for a new machine has positive implications 
for our environmental impact and designers have looked at incorporating ‘heirloom 
design’ into their products. Saul Griffith believes this is how products should be 
and cites many examples of products that have high embodied energy but long 
lifetimes as the way forward (Friedlander, 2012). 

Machines
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The impact of cost and complexity
In my culture professions such as doctors, teachers, lawyers and surgeons are 
traditionally the most highly regarded. A recent global study has shown that this 
is still the case (Dolton, Marcenaro, & De Vries, 2018). In my view anybody who is 
engaged in repair or maintenance is worthy of great respect. 

Unfortunately in Finland and Ireland it is usually cost prohibitive to use local 
repairmen, therefore in the last few years I have tried to repair as much as I can 
my own possessions and those of friends, mainly clothes, furniture and electronic 
products. 

Recently I visited some tailors in Istanbul and I particularly enjoyed meeting them 
and seeing their work. Regrettably, the work I was getting done was not worth 
pursuing in Western Europe and instead it would have made financial sense to 
repurchase the clothes I was getting fixed. In Istanbul, the price of repair in relation 
to new clothes still makes it worthwhile. 

In the case of clothes and shoes although they are expensive you can still find 
tailors and cobblers relatively easily in Finland or Ireland. Due to the price of labour 
it is usually only worthwhile if the piece you are modifying/mending is of good 
quality and commanded a high price at purchase. In comparison to electronics the 
complexity of clothes has barely changed in the last 50 or 60 years, people are still 
getting the same jeans, suits etc repaired and altered. 

Consumer Electronics
Product Evaluation and Quality
As objects become more complex, it becomes increasingly difficult for consumers 
to evaluate quality. In consumer electronics product lifetime is particularly difficult 
to judge unless you have circuit design and electronic component level knowledge.

Quality and safety issues have been raised about various imported goods that were 
once made locally (Berman & Swani, 2010). In the past it was more difficult to buy 
goods of poor quality. For example, Ryan Finlay has made a business out of buying, 
repairing and selling second-hand appliances. He goes into component level detail 
about the decline in quality of available home appliances over time on his website.  
(Finlay, 2015)

Prior to the widespread availability of online reviews and tests, it was very difficult 
for consumers to make informed purchasing decisions unless by chance the product 
in question had been featured in a consumer advice publication such as Consumer’s 
Choice or a television review programme (The European Commission, 2010).

There was also an increase in the number of products available many of which 
were cheaper than already established brands. Buying these products was a gamble 
that could turn out to be every bit as good as the expensive established brand or 
cease to function prematurely.

We now rely on reviews written by other consumers to inform our buying decisions, 
unfortunately, in most cases these reviews are initial thoughts and observations 
based on using the product straight out of the box and some are suspected to be 
fake or computer generated (Kapner, 2019).  

There are also internet content producers that are starting to include reviews 
after a few months or even a year of use which is of great value to the prospective 
consumer.
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The Online Community
One very positive aspect of the current product repair situation is the online 
community. Numerous references to online forums, blogs and videos are contained 
within this thesis. Video sharing sites such as YouTube are filled with product 
reviews, product ‘teardowns’ and how to videos that detail repairs for all kinds of 
products. A product teardown is the complete disassembly of a product into its 
component parts usually accompanied by narration or text detailing the opinion 
of the person disassembling the object.

One Canadian video producer who primarily makes teardown videos had over 
850,000 subscribers two years ago when figures were last available (Seitz, 
2018). Power tools and some kitchen appliances are commonly disassembled 
on his channel. He goes into great detail in his videos analysing materials used, 
construction methods, parts chosen, and overall durability and performance.  

In the absence of repair information from manufacturers, people have documented 
their own repair processes and shared them. Users are scanning manuals for old 
products so that others can use them to repair theirs.  HiFi-engine is allowing users 
to contribute and view manuals, schematics and reviews for audio products (HiFi-
Engine, 2020). 

Ifixit is a web-based business that offers free guides written by their employees and 
submitted by individuals who have repaired something; they also rank products on 
how easy they are to disassemble, replace parts and fix. (Ifixit, 2019)

Online discussion board Reddit has a page known as BIFL or Buy it for Life with 
close to a million members at time of writing. On this page users ask for and share 
information about specific products that have lasted a long time (Petrarch1603, 
2011).  

There is also much activity that manufacturers try to stop. One particular example 
being Farm machinery diagnostic software. Farmers being a traditionally self-
sufficient part of the community have illegally shared tractor diagnostic software 
to allow self-repair of their John Deere machines for example   (Motherboard, 2018).

Fig 4: A typical BIFL Reddit page - users are discussing recommendations for long lasting office 
chairs. 

Fig 5: Microscope analysis of gear surface quality on cordless drill by Youtube user AVE. 
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Fig 6: PCB with through hole components. These are relatively easy to remove/replace with widely 
available single tip soldering iron. 

Fig 7: PCB with surface mount components. These parts often require heating on more than one 
point at a time in order to remove. Multiple tip soldering irons or heated plates are required. 

Consumer Electronics and Repair
During my lifetime, the price of electronics has dropped considerably in relation to 
what people earn. In the US for example audio and photography equipment prices 
have halved between the late 90s and the start of the last decade (Roscoff, 2015). 
Salaries and hourly rates have increased but the price of manufacturing relative to 
the earning of someone in Finland or Ireland has dropped, enabling brands to sell 
at lower prices. Electrical products have also become more complex and difficult 
to repair.

The town near where I grew up in South East Ireland had a number of electronics 
repair shops in the late 90’s and had for example, a television broken, it would have 
been inconceivable not to at least try and repair it. In 2019 all of these repair shops 
are gone, sometimes people still try to fix televisions or entry level HiFi equipment, 
but it is usually deemed not worthwhile from a cost point of view. The product is 
replaced, and the old product enters the E-waste stream. As Marjanne Van Helvert 
puts it ‘when our devices break down or become slow we tend to replace the whole 
device, rather than just the worn or broken element, as this is often cheaper than 
having it repaired’ (Helvert, 2016).
 
The financial decision to replace rather than repair happens primarily when the cost 
of repair is high relative to the cost of a new product, or the replacement product 
cost has decreased; both have the same effect on the repair to replace price ratio. 
The reason for this change in the ratio is manifold and is worthy of a thesis itself. 
Repair labour cost and new product manufacturing cost, the electronic/mechanical 
design of the product, consumer perspectives, expectations, and relationships are 
a number of reasons in my opinion.  Would you prefer to repair your laptop, or now 
that it is damaged, could it be a good time to replace it with a newer model? 
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Fig 8: Maintenance and repair hatches on Husqvarna sewing machine. Every component is removable. 

Of course, financial cost of repair is only one part of the real cost, but it is one of, if 
not the strongest when it comes to influencing consumer decision. As McCullogh 
says “The greater the ratio of repair price to the replacement price, the more likely 
the consumer is to replace an appliance” (McCullogh, 2010).

The motivation for replacement can be quite different concerning certain product 
types where feature offerings are in a state of flux, and the standards the products 
rely on keep changing. 

In the case of TVs, analogue sets required either upgrading or additional external 
tuners to receive broadcast, when in 2012 analogue transmission ceased (Holland, 
2012).  Since then the substantial increase in popularity of streaming platforms 
such as Netflix has also had hardware implications for televisions (PwC, 2019). It 
is possible to use these services on older sets by adding an additional external 
product, but smart TVs have support for streaming platforms built in. 

Although older large tube-based TVs tend to have longer lifespans than the 
slimmer LED/LCD products available today, TV’s are commonly replaced while 
still working. In fact, the average lifespan of a television is anticipated to reduce 
according to a Swedish study. (Kalmykova, Patrício, & Rosado, 2015) 
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When evaluated from a physical design perspective, electronics products have 
become harder to repair and more difficult to disassemble. There is no sign of this 
changing certainly as regards to those manufacturers who account for the lion’s 
share of the market, if we look at for example, at smartphones or televisions. 
Replacement parts for some devices are often very close to the cost of a whole 
new device, making it easier to persuade consumers to buy a new product rather 
than repair (Dalhammar, 2018). There are some small signs of change in the right 
direction with newer products such as Fairphone from Holland; a smartphone 
designed to be user repairable with basic hand tools and free of conflict metals/
minerals (Fairphone, 2020). 

It is hard not to be retrospective when thinking about repairable products as 
the further you go back in the timeline of consumer electronics, the easier it 
was to remove and replace components. Circuitry contained bigger parts that 
were separated more than today’s practice of integrating components as much 
as possible to reduce cost and reduce volume. When referring to modern digital 
electronics, the author Matthew Crawford states ‘the facts of physics operate on 
such a scale that they do not present themselves to immediate experience for the 
user’ (Crawford, 2011).

Casings and housings are also almost always easier to disassemble and reassemble 
if they are older. (Figure 8) Manufacturers have changed their attitude to repair by 
the end user. Crawford recounts how older catalogues from the US retailer Sears 
used to include exploded blueprints showing the user where each part went and 
aiding the consumer in repair (Crawford, 2011). 

By contrast Apple began using non-standard Pentalobe screws on their electronic 
devices in 2009 at which point it was quite difficult for individuals to obtain 
the correct screwdriver (Ifixit, 2018). Manufacturers often now refuse to release 
information to aid repair (Dalhammar, 2018).

The impact of advanced manufacturing techniques has also influenced the replace 
rather than repair approach of firms. As Guiltinan puts it “Such systems demand 
growth in output because the technologies amplify economies of scale and scope 
which can only be realised through faster product replacement and increasing 
consumption of products designed for particular needs” (Guiltinan, 2009).

In the last couple of years, I have been trying some electronics repair of my own, 
including some work on record players from the 70s. Even now long after the 
manufacturers have stopped supporting them or offering replacement parts, there 
is a large consumer base online who share old service manuals, discuss repairs, 
workarounds, share 3d models for printing replacement parts etc. 

This also happens with newer consumer electronics devices although unfortunately 
the extent of repair possibilities is already small and is becoming more and more 
limited.
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Fig 9: An unlikely example of repair comes from Trigger, an often ridiculed character in the British 
Sitcom Only Fools and Horses. Trigger is presented with an award from his job at the local council 
for being resourceful and using the same sweeping brush for 20 years. The joke comes when Trigger 
reveals that he has replaced the handle 14 times and the head of the brush 17 times meaning that no 
parts from the original brush remain. Although a joke this has still reduced material demand and is far 
better than replacing the entire product each time. (Dow, 1996)

We are becoming more subservient to our electronic devices; if something breaks 
the majority of us cannot fix it ourselves so we must find someone who can repair 
it or replace it. In years gone by it was more common for householders to repair 
and maintain appliances and tools at home. ‘What ordinary people once made they 
buy; and what they once fixed for themselves, they replace entirely’ (Crawford, 
2011) However the fact that online communities are springing up focused on 
sharing “How to Repair” knowledge is a hopeful indication that a new culture of 
repair rather than replace is starting to emerge.

In my opinion repair should be glorified, rather than seen simply as a cost saving 
measure. Being able to fix things should be seen as an important skill-set to learn, 
equally as important as other life skills like for example cooking. 
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When discussing how modern consumer electronics are designed, and how 
easy it is to repair them, it is important to understand the motivations of the 
manufacturer.  Durable goods have less of an impact on the environment and are 
better for consumers financially but are not necessarily best for growth in industry 
(Dalhammar, 2018).

Planned obsolescence was originally used to boost the United States economy 
during the great depression. A notable early application of the idea was from light 
bulb manufacturers Philips, Osram and General Electric, who were members of a 
cartel that decided to limit light bulb life in order to increase sales (Dalhammar, 
2018). 

In Europe, both the European Union and individual countries have started to 
regulate device durability.  Many European countries have extended the warranties 
of different device categories effectively holding the seller and manufacturer 
responsible for longer. France is an interesting example as it has made it a criminal 
offence to ‘place goods on the market that seek to deliberately reduce the lifespan 
of a product in order to increase the substitution rate’.  Both a fine and a prison 
term are outlined as penalties for this action. However, there are concerns that it 
may be difficult to prove and enforce (Dalhammar, 2018).

Repair & e-waste
Electronic waste (e-waste) includes all electrical and electronic products that 
enter the waste disposal stream. E- waste is the fastest growing waste stream in 
the world and only 20% is processed properly (WEF, 2019). The average European 
citizen generates 16kg of e-waste per year. There are 6 categories within e-waste, 
with each category having different lifecycle characteristics and differing levels of 
material recovery (Balde C. P., 2017).

This type of waste is difficult to process, and material recovery rates are low. 
Many materials are bonded together and almost impossible to separate. Printed 
circuit boards (PCBs) are one of the most challenging to disassemble and recycle 
effectively (Xianlai Zeng, 2012).

At the moment electronics manufacturers are not directly responsible for how their 
products are dealt with in end of life.  The European Union is actively pursuing 
legislation to encourage electronic device manufacturers to make products in 
a way that makes it easier to recover resources and materials from electronics 
(Dalhammar, 2018).

In a conference for the World Economic Forum, PACE and the E-Waste Coalition 
discussed how the market for the reuse and repair of consumer electronics should 
increase. Companies should also support disassembly and repair of the products 
they sell (The E-waste Coalition and PACE, 2019). 

There are also consumers and organizations advocating for the repair of consumer 
electronics. They are banding together to push for legislation for the right to 
repair from the European Commission for their Ecodesign Work Plan 2020-2024 
(Mikolajczak, 2020). 

Repair and Design for Disassembly
There is a very straightforward connection between design for disassembly and 
design for repair. Design for repair usually makes the disassembly process of a 
product easier in end of life. For example, clearly visible fixings used for replacing 
parts during the usable life are an obvious place to start disassembly when the 
product has been discarded. 

Assembly techniques that do not aid repair also make it more difficult to figure out 
the disassembly procedure. For example, devices with built in Li-on batteries must 
not be disassembled aggressively to avoid fire for example. 

There are emerging systems attempting to regulate disassembly measures, such as 
the “eDiM” (ease of Disassembly Metric), which is to be employed as a requirement 
by ecolabels towards a circular economy (Vanegas, et al., 2018).

Planned Obsolescence, Repairability and Regulation
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Circular Economy
According to the definition provided by the Ellen MacArthur foundation, circular 
economy ‘is based on the principles of designing out waste and pollution, keeping 
products and materials in use, and regenerating natural systems’ (EMAF, 2020). 

At the moment most products follow a linear economy, materials are extracted, 
products made, used and disposed of. Consumer electronics follow a pronounced 
linear stream as so little of the materials in small devices can be recovered in 
recycling processes (Tansel, 2017). 

One of the core parts of the Circular Economy is to keep products and materials 
in use at their highest value, as in figure 10. This has a direct link to repair and 
hacking as both actions tend to extend product life and prolong the products use 
phase. Design for repair and a change in manufacturers attitudes to repair is a 
necessary step in moving towards a circular economy. 

Circular economy is usually a system promoted from the top down, from companies 
to consumers. But there are organisations like the Restart Project which focus on 
the ‘inner circle’ of this system, where people can get advice on how to repair their 
electronic products and gain a sense of self-reliance and a new appreciation for 
their belongings (Restart project, 2020).

Fig 10: Circular economy diagram from The Ellen MacArthur Foundation. 
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Fab Labs & Maker Culture
There are some ways in which consumers are becoming empowered with regard 
to customising and hacking electronics. This is observed in the wider maker 
movement, where the consumer can also create new products and tinker with 
existing ones through the use of open-source hardware. 

The maker culture is driven by technological skillsets interconnected with hacker 
and DIY culture. ‘Tinkering used to be a basic skill’ according to Dale Dougherty, 
editor of Make Magazine, the most prominent publication on maker culture. 
Dougherty makes the link between the older ‘basic skill’ of tinkering, repair and 
the more recent maker movement (Dougherty, 2012). 

A wider spread of this movement can be seen with the emergence of Fab Labs. They 
are open workshop spaces where people have access to digital fabrication tools 
such as 3d printers, CNC machining and laser cutting. The community around the 
Fab Lab support each other and share skills related to making (Foundation, 2020). 

Democratising access to facilities and knowledge is one of the functions of Fab 
Labs. To open access up to a wider group, Fab Labs actively pursue people outside 
of their core participants, such as marginalised communities (Walter-Herrmann & 
Büching, 2013). 

The same technological changes that are enabling the maker movement are also 
having an impact on Industry. Industry 4.0 is a concept discussing industry’s role in 
customised products. Mass personalization production is presented by Wang et al 
as a new type of production where the close links between the physical and digital 
worlds have a large impact on manufacturing and in particular customisation. 

The craft era of production allowed for a high level of product customisation but low 
productivity. Mass production at the time of Henry Ford had very high productivity 
but practically no customisation. The third manufacturing shift involved flexible 
manufacturing set ups enabled by computer control that was of significant benefit 
to the manufacturer. 

The new model, Industry 4.0, makes flexible manufacturing further connected 
to the virtual world which occupies an increasingly bigger portion of our lives. It 
also makes a distinction between customization and personalization, arguing that 
manufacturing companies will have to evolve to meet the increasing demand for 
personalized products at lower cost. This will be done through ‘smart factories’ or 
intelligent manufacturing systems. (Wang, Ma, Yang, & Wang, 2017)

After discussing how industry and consumers are responding to challenges faced 
with repairability, how have designers responded to these issues? 
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The Toaster Project
Welsh designer Thomas Thwaites set himself the task of building a Toaster from 
scratch. His master’s thesis project saw him visit abandoned mines in the UK in 
the hope of picking up some metal ore to make parts in his homemade furnace 
in central London. The book he subsequently published draws attention to the 
large number of parts and materials present in seemingly simple objects, such as 
a toaster, and the resulting problems posed to the environment (Thwaites, 2011).

Design Out Waste
Design group The Agency of Design from the UK also focused on a toaster for their 
project. Initially they investigated how e-waste is handled in the UK and visited 
a local e-waste processing facility. They then made three toaster concepts in 
response to learning of the difficulties in e-waste processing. 

One concept was made exceptionally durable with minimal moving parts so that it 
would have a very long lifetime. It was also cast from a large piece of Aluminium in 
order to ensure it enters a recycling stream at end of life. Their second concept was 
a modular toaster that had slots that could work independently of each other, if one 
slot was to fail you could just replace it and use the remaining slots while waiting 
for a replacement. The final concept was to design for quick and easy disassembly. 
A part was added near the plastic joints in the casing that would break the casing 
apart when put inside a vacuum chamber (Matthew Laws, 2010).

Ore Streams
The 3-year long project by Italian design studio Formafantasma has used various 
media to draw attention to the problems associated with e-waste. They have 
produced a ‘Visual Essay’ 25-minute video that tells the story of the movement of 
minerals through time up to the relatively recent extraction and use in consumer 
goods. They have also exhibited furniture they have designed as a response to their 
findings on the subject (Andrea Trimarchi, 2019).

Responses of Designers 

Fig 11: Design out waste: The Optimist is designed to be exceptionally durable to spread it’s 
embodied energy cost out over a long lifetime. A heavy casting helps direct it to recycling at end of 
life.  

Fig 12: Ore Streams: Paths of constituent minerals that make up parts in our everyday electronic 
devices. 
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Transparent Tools
Amsterdam based designer Jesse Howard designed a collection of household 
appliances to make the user active in making and assembling. He presents his 
vision for the future of consumer/product relationship as one where the consumer 
is active in assembling, hacking and fixing. He specifies standard components that 
are easy to buy, and casings made by 3d printing and CNC machining.  

Jesse also produced a side project that harkens back to the days of manuals that 
aided repair for household appliances. In ‘Transparent Tools: Manuals’ he has 
made exploded views of the products from the first part of the project that contain 
all necessary information for ordering replacement parts (Howard, n.d.).

Open Structures
Belgian designer Thomas Lommée worked on a grid system that allows ‘infinite 
adaption and repair, and a more sustainable built environment’ (Lommée, 2006). 
He wanted to make a public modular guide that anyone could use to create, trade 
and review elements from a collective database. The aim was to use this system to 
improve circular production. 

After looking at how designers have attempted to answer the issues of e-waste and 
repairability in consumer electronics, I chose to go into greater detail by focusing 
on one product. 

Fig 13: Open Structures: A water filter based on the water boiler designed by  Thomas Lommée. 
Readily available parts and materials used, Very easy to replace individual parts. 

Fig 14: Transparent Tools: Easy to source parts and materials are combined with small scale 
manufacturing techniques to create basic appliances. Manuals provide support for repair and upgrade. 
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Part 2 - Target Product

I have noticed that wireless headphones have been increasing in popularity in 
recent years. I am concerned about the lifespan of these newer models and the 
increase in e-waste as a result.

Older wired headphones did not contain components that chemically degrade or 
software-based functionality that limited lifespan. The situation is different for 
modern wireless headphones.

Two common aspects of headphones are of particular interest, the magnets within 
the drivers and the move to wireless connectivity.

The Driver Paradox
Traditionally the most expensive, complex and unique part in headphones is 
the driver, as in passive HiFi speakers. Conceptually the rest of the headphone 
construction is only to hold the speaker drivers in correct orientation and in a 
sealed or semi-sealed state to your head. 

The driver is not generally repairable and usually means end of overall product 
life, should they stop working. They are usually glued or taped together and are 
very easily damaged, especially the thin membrane on the output side. Some 
manufacturers do offer replacement drivers, but the cost is quite high and since 
this component is buried in the assembly, it requires someone who is also prepared 
to completely disassemble their headphones to replace them. 

Modern headphone drivers use neodymium magnets (rare earth magnets) combined 
with copper coils which move a membrane made from thin sheets of paper, plastic 
and composite materials. Rare earth magnets were developed in the mid 80’s and 
provide much stronger magnetic fields than other magnet types of equal volume. 
They are an obvious choice for headphones as the drivers can be made smaller and 
lighter than with older magnet chemistries.

The negative environmental effects of extracting these materials are well 
documented and are also of concern for electric vehicle manufacturing, as motors 
and generators account for the largest quantity of rare earth magnet production. 

Refining mined material into rare earth elements (REEs) turns very large amounts 
of water into a contaminated sludge containing radioactive elements. In California 
during the 90’s, the volume of contaminated material generated resulted in 
multiple leaks into the surrounding area and subsequent closure of the mine in 
2002 (Bourzac, 2011).

China, the world’s largest producer of REEs has been actively reducing its output 
since 2011 due to extensive environmental damage around extraction sites 
(Stadaert, 2019). 

As a sintered hard ceramic like substance, rare earth magnets are not easy to recycle 
and perhaps more significantly, are not easily recovered from electronic devices. 
Recycling into equivalent magnets is not yet possible, and whatever recycling 
technique used, the resulting magnet will not have the same strength to volume 
ratio as the original (Oney, 2018). 

The time spent retrieving the magnet versus the value of the material in the part, 
is important here. As with most materials the best option is to reduce the amount 
entering the waste stream to begin with, subsequently reducing the volume and 
resulting problems both in extraction and in end of product life.

Why Headphones
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Wired and Wireless 
In wired headphones, apart from mechanical wear and tear or damage due to use, 
there are no parts that have notable restricted lifespans at time of purchase. The 
situation changes with wireless headphones. There are assemblies of electronic 
components for software integration, a wireless protocol and a lithium ion battery 
that need to be considered. 

The industry standard for wireless audio is Bluetooth and it has been improving 
over the past number of years. It does mean that if you were to buy an older pair 
of Bluetooth headphones second hand, the wireless functionality would not be 
as good as current models. In particular the sound quality, wireless range and 
wireless control has been improved in recent Bluetooth versions. Devices like 
smartphones that send Bluetooth audio are backwards compatible so at least the 
wireless functionality will work with new sources. 

Active noise cancelling is now one of the main areas of comparison between 
different wireless headphone models and some of the main manufacturers have 
been improving the technology with each new model release. Due to the constant 
improvements this is another area where you might want to replace your 5-year-
old headphone in order to get a pair with better noise cancelling.

Embedded lithium ion batteries have big implications to lifespan when it comes 
to portable electronic devices. As a chemical based energy storage medium 
any battery will degrade over time. Rechargeable lithium ion batteries have a 
maximum number of charge/discharge cycles and will degrade faster if subject to 
big temperature changes or extremes in hot or cold. 

Typical lifespans for lithium ion batteries are 300 to 500 charge cycle or 2 – 3 years 
with almost daily use in the case of a smartphone (Tektronix, 2020). The lifespan 
expressed as a period of time is a little more difficult to define for headphones as 
people have widely varying usage behaviours as documented in Part 3.

Since the sealed uni-body design became industry standard in smartphones, this 
has made its way into other portable devices such as laptops, tablets and wireless 
headphones. Manufacturers now seem unconcerned with how users will replace 
batteries that no longer hold a charge. It is possible to replace the batteries in 
many of these headphones but it is not intuitive, user friendly or encouraged by the 
manufacturer. In order to find out how, you often need to find a third party who has 
disassembled and replaced the batteries and uploaded a guide. 

Batteries are probably the biggest challenge to device lifetime in wireless 
headphones. If it is of considerable difficulty for an average person to replace the 
batteries, then more than likely the product is discarded and replaced. This does 
depend on the cost of the headphones but as discussed earlier, in most European 
countries, it would not be financially viable to pay someone to repair your 
headphones rather than replace them, in the majority of cases. 

Wireless headphones have the same Rare Earth Magnets as wired headphones but 
have several features that limit their lifespan. Consumers for the most part have 
accepted this, possibly because they are already familiar with limited lifespans 
in portable electronics. Headphones are different however. Driver technology is 
advancing at a very slow pace, and a good set of headphones that are decades old 
often still provide good sound.  

By linking them with hard to access batteries and software, the lifespan of the 
whole product is reduced, leading to replacement while the mechanics and drivers 
are still in good condition. If the battery could be sourced and replaced easily, as 
well as the electronic components that enable the wireless and noise cancelling 
electronics, there is no reason why the same pair of headphones could not last for 
decades as has been the case with many older models.
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Fig 15: Speaker prototype for B & O project - Form Exploration Course 2016. 

Fig 16: Beocreate 4 Channel Amplifier with Raspberry Pi microcontroller attached- HifiBerry / B & O

DIY Audio
Kit based and DIY audio have been popular for a long time with enthusiasts. There 
are many online forums offering advice and schematics for building audio products. 
The most popular forum site has close to half a million members at time of writing 
(diyaudio.com, 2020).

To facilitate enthusiasts there is a very wide range of components available to buy 
in small quantities. Speaker drivers for example are easily sourced if you plan on 
making your own; this is the most common project as they are very simple from 
an electronics perspective and only require basic woodworking tools and skills to 
produce a sealed box.

During my masters studies in Aalto, I have built one speaker prototype as part of 
a course that was collaborating with B & O (Bang & Olufsen). I bought an older 
speaker set in poor condition, removed the speaker drivers, refurbished them and 
used them in my own prototype. (Figure 15) 

In the case of HiFi amplifiers pre-assembled PCBs and kits can be bought quite easily 
from online sellers. The user then solders together the electronic components and 
builds a housing or uses an off the shelf casing. For those experienced in circuit 
design, a dialogue is sometimes started in a forum with the aim of producing 
something that cannot be bought or that is out of reach because of price. Circuit 
designs, prototypes and test results are posted on a topic and the group develop 
the idea collaboratively. 

Micro-controllers are also now being added to DIY audio projects. Hifiberry have 
been building Raspberry Pi based amplifiers for a number of years. Most recently 
they have also collaborated with B & O on an amplifier that is intended for use with 
older B & O passive speakers. By adding digital signal processing, the sound from 
these older loudspeakers can be substantially improved. The Raspberry Pi makes 
it possible to use these older speakers as digital streaming devices connecting to 
online radio stations and streaming services like Spotify. This has product life cycle 
implications as they are potentially prolonging the life of older speakers.
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DIY Headphones
Headphone supply chains are more closed than other Hi-Fi components and 
there are far fewer manufactures offering headphone parts directly to consumers. 
In Europe I could only find products from two of the major speaker driver 
manufacturers (Dayton Audio & Peerless) available in small quantities direct to 
individuals.

DIY headphone construction is more challenging than Hi-Fi speaker construction. 
A speaker cabinet can be constructed entirely from one type of rigid sheet material 
such as Mdf or Plywood whereas headphones are often made from a combination 
of many materials in order to facilitate all of the ergonomic, weight and audio 
requirements they have. Much of the DIY community surrounding headphones is 
about modifying existing headphones by swapping out parts to improve appearance 
or changing to better drivers removed from a donor pair. 

The online headphone forum headfi has many posts from members who have 
older sets or are documenting their own refurbishment projects. On this forum 
members share tips and tricks for fixing specific models and opinions on which 
models (vintage and new) are worth buying, which models lend themselves to 
modifications and opinions on sound quality.

The open back headphones made by Brooklyn based Grado Labs are well known 
for their hacking potential. There are many third-party companies worldwide who 
manufacture upgrade parts for these headphones (Wilson, 2020). In some cases 
what were originally stock Grado headphones have had almost every part upgraded 
similar to Triggers sweeping brush from page 33.

 

Fig 17: Grado Labs SR80 - These headphones were bought second hand by the author and sold a few 
months later to someone who intended on replacing the cables and drivers.
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One of the most interesting projects I have come across while researching DIY 
audio was ‘HomeBrew Headphones’ by Australian designer Shannon Ley. Ley has 
uploaded a very simple guide on how to build your own headphones with very few 
machines and tools required. The project is completely free to access and contains 
a thorough guide on wiring, assembly and where to get the required parts (Ley, 
2017).

Patrick Schuur of Dutch design studio formfunction has taken a kit-based approach 
with their print+ project. As the consumer you can either buy 3d printed parts from 
them or print your own. To keep things simple the basic kit they sell contains all 
the soft material parts such as ear pads and head band padding along with all of the 
electronics. This makes the product suitable for people who do not have so much 
electronics experience and those with limited access to 3d printing (Print+, 2017).

The Open Source Alpha project by Dan Clark also uses 3d printing and enables users 
to build their own audiophile grade over ear headphones. As common in many DIY 
headphone projects a donor pair of headphones are bought first in this case one 
of three models produced by Japanese manufacturer Fostex. Drivers are removed 
from the donor and fitted to 3d printed headphone cups (Clark, 2016).

Although the above projects don’t deal directly with repair, in my opinion by 
engaging people in the assembly and hacking process they make consumers more 
aware of how headphones are assembled and teach them skills they may later be 
able to apply to other products and projects.

Existing DIY Headphone Projects

Fig 18: Print+ offer kits for assembling your own wired headphones with little previous knowledge of 
electronics required. 

Fig 19: HomeBrew headphones can be built with little more than a 3d printer, soldering iron and a 
couple of basic hand tools. 
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Vintage Headphones
A few years ago, I came across the Pioneer SE-L40 on ear headphones originally 
released in 1971 and produced for 4 years. After researching them primarily on 
online forums I bought a pair sold as untested (Hapeg2, 2018).

These are quite heavy for the size due to many of the parts being made from steel 
and other metals. Surprisingly, the ear pads were still in good condition and the 
leather headband was perfect on my pair.

The headphones worked but there were some rattling noises in the ear cups, so I 
decided to take them apart to try and fix them.

With a little further research online, I found out the ear cups were held in place 
with a bayonet style connection so they could be easily removed without tools and 
without damaging the headphones. With ear cups removed I noticed the drivers 
were also removed by a slight rotation. The plastic chassis around the driver had 
two spring clips which interfaced with the metal body of the ear cup. 

The rattling noise in the headphones was caused by the driver being loose and 
probably also due to a loose piece of plastic in the cup. The plastic supporting the 
driver had chipped off probably due to age and being under constant load from the 
steel spring clip. Using epoxy, I stuck the clip back in place on the driver body and 
reassembled the headphones (Figures 22 & 23 next page).

Given the age of these headphones I am very impressed by the build quality and 
lifespan of most of the parts. The clip failure I repaired could possibly have been 
avoided if a different material had been used to house the clips or a different fixing 
method altogether. However, I appreciate that the whole process required no tools. 

 

Hands-On with 3 Different Headphones

Fig 20: Pioneer SE-L40. 

Released 1971. Weight 240g (Hapeg2, 2018)

Part 3 - Primary Research
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Fig 22: The spring clip and loose fragment of broken plastic after disassembly.

Fig 23: Clip reinstalled with epoxy to keep it in place.  Driver diaphragm cleaned.

Fig 21: Pioneer SE-L40 Exploded Drawing - As discussed earlier these schematics were once 
commonly available directly from the manufacturer for consumer electronics products .
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Popular Headphones
The consumer audio brand Beats has taken a large share of the market for mid-range 
headphones especially in the USA while at the same time receiving a substantial 
amount of criticism from traditional audio review websites (Carnoy, 2017). Critical 
reviews usually center on build quality, sound quality and sound profile (Beats 
products are known to boost bass frequencies in music) (Molina, 2020) (YJ, 2019) 
(Members, 2018).

Personally, I have noticed the increase in their popularity over the last few years 
especially on public transport and in public places. They are very easy to identify 
due to their prominent branding and shape.

As with most wireless headphones batteries are not designed to be user replaceable 
in Beats products. It is unsurprising that users decide to replace rather than repair 
when at time of writing the headphone repair fee is $129 and new headphones are 
$200 in the US (Apple Inc, 2020).

I managed to find a recent on ear model for sale that needed repair. I was interested 
to take them apart and get a sense of the overall quality of the product and to see 
how difficult they were to repair. The model I disassembled was the Beats Solo 3 
wireless, price for a new pair at time of writing was 175€ from the Finnish electronic 
retailers I checked (Verkkokauppa.com, 2020). 

In the set I bought no sound was coming from the right ear cup. From checking 
the problem online this seems like a relatively common problem with most on 
ear Beats models. In a wired headphone I would normally presume it is due to a 
damaged wire or broken connection but according to information online resetting 
the headphones can help the problem. This did not work for me however, so I 
decided to disassemble the headphones.

Released 2016. Weight 215g , Bluetooth (Molina, 2020)

Fig 24: Beats Solo3.
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Fig 27: Inside the right ear cup wires connected to the speaker driver and the usb input for charging. Fig 25: Removing Ear Pad

Following information found in online videos I pried off the ear cups with a thin 
piece of plastic to avoid damaging the casing. The tape that holds the ear cups in 
place is easily damaged and, in my case, could not be used to re-attach the pad.

Any tape residue needs to be removed from the driver grill to get access to the 
screws that hold the casing together. Interestingly brass inserts are used in the ear 
cup part which likely means they are intended to be assembled and disassembled 
more than once.

Unfortunately, in my headphones there were no apparent loose wires. So I decided 
to check the wires that go through the headband to see if that was the problem. 

Plastic coating has been added to all the soldered joints presumably to help prevent 
the connections breaking. This needed to be scraped off for the test probes to work. 
This required quite some time and close attention to avoid slipping and cutting the 
wires.

Fig 26: Removed Ear pad showing adhesive tape. Exposed driver grill with tape residue removed.
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Fig 28: Continuity testing the cables that go through the headband. The cables are constantly flexed 
and moved when adjusting and folding the headphones for storage.

I have not managed to diagnose the problem with these headphones. My best guess 
at the moment is that a wire is damaged in the headband or the wire connection 
point is faulty and is somehow producing a fault. 

I would like to inspect the wires in the headband visually for damage however I am 
reluctant to open the headband as I am not sure I can reassemble it to a condition 
where it mechanically works. The headband has sliding sections facilitating size 
adjustment and like with many headphones the wires are hidden inside this 
mechanism.  

The wires used are very thin and repairing them where they connect to the jack 
input board will be quite difficult. 

I may try and repair them again or I may use them as a donor pair for a set of 
my own design. In my opinion a wire replacement or repair would be too difficult 
for the average amateur repairman or certainly somebody who is a beginner to 
electronics.
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High-end Headphones
The headphones I regularly use are over ear and provide noise cancelling if you 
enable it. They are at the higher end of the Sennheiser’s product portfolio. Although 
my set was bought second hand, the most recent model retails for 350€ at time of 
writing (Verkkokauppa.com, 2020).

A colleague working with electronics had recommended this model especially the 
build quality and had also pointed out while not straight forward, it is possible to 
replace the built-in battery when it goes. Sennheiser has a good reputation for 
audio products so I decided to buy a set.

I didn’t tear down the Sennheisers myself as I was a little afraid I might damage 
something and have difficulty with reassembly so I will wait until it is absolutely 
necessary.

The battery in my device is still fine but from some research it seems that the 
batteries are difficult to buy from reputable dealers. There are some available from 
individuals selling through online marketplaces but as previously discussed it is 
very difficult to know what you are buying in the case of a lithium pouch cell. 

Sennheiser operate an online parts store for their products, the only components 
currently available for these headphones are wires for using with a jack connection 
and ear cups. No schematics or disassembly instructions were found in any 
Sennheiser documentation related to the product.

The manual I downloaded briefly details how to replace the ear cups, with regard 
to the battery Sennheiser will replace it if it fails during the warranty period of two 
years. However, there is no information about how to perform the repair yourself 
at a later point (Sennheiser, 2015).

 

Fig 29: Sennheiser Momentum 2.

Released 2015. Weight 265g, Bluetooth, Active Noise Cancelling, (What Hi-Fi? , 2019)
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Summary & Reflection
Although this accounts for a very small sample of the many headphone models 
produced through the years examining details on these three models has proved 
invaluable to this thesis.

As is the case in many consumer products (see Part 1) the older model detailed 
here is easier to disassemble, has schematics available and was consequently 
straight forward to repair. Design for repairability is particularly apparent in the 
oldest model, with the manufacturer providing schematics to aid a repair decision. 

The third and more expensive recent model also appears to be more friendly 
to repair, however the lack of transparency in the availability of schematics or 
instructions is a limiting factor. Apart from changing the ear pads the manufacturer 
does not encourage or facilitate user repair of the headphones in any way.

The ubiquitous “Beats” model is more perplexing, the brass inserts present in the 
ear cup moulding signify some thought towards repairability but working on the 
circuits and wires in these headphones is a challenge for the average person with 
some tinkering/repair experience. It is my guess that many who attempt to repair 
this model give up at some point and find a replacement. 

The experience of researching and attempting repair on the headphone models 
informed a number of design choices in the design of the project prototype as will 
be detailed in Part 4. These included the use of threaded brass inserts in the plastic 
parts and easy removal of all components with a small selection of Screwdrivers.

In addition, the inclusion of exploded schematics and the selection of a battery 
that is easily available are key to ensuring the project design meets the need for 
repairability.
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To find out more information about consumer behaviour with headphones 
and product lifetime expectations a short survey was designed and analysed. 
A quantitative method was chosen as some of the trends to be investigated 
lent themselves well to many responses from multiple individuals rather than 
discussion with a small number of participants.

One of the primary aims of the survey was to get a large number of respondents so 
that the data collected would be more reliable for decision making in the project. 
To facilitate this the survey was designed to be very fast, less than 5 minutes to 
lower the threshold as much as possible for respondents. After the survey was 
closed the average time spent filling it in was 3 minutes.

An online survey tool Survey Monkey was chosen as the interface was superior on 
mobile and PC when filling out ranking questions in particular.

221 respondents completed the survey, of which 96% owned a pair of headphones. 
Of those, 70% had a set of in ear and about half owned larger on ear or over ear 
headphones, including those who owned multiple types. Just over half of people 
surveyed had at least one pair of wireless headphones. 

Significantly, of respondents who provided an additional feature of importance to 
them, 22% cited comfort as being important. 20% of people spent over 150€ on 
headphones and 20% use their headphones for over 2 hours per day. Almost 50% of 
respondents use their headphones while exercising.

For both wired and wireless headphones, the smallest number of people selected 
ease of repair and environmental impact as their most important aspect. 7% and 
5.5% respectively. (See Question 9 & 11 - Appendix)

Overall survey results are contained in the Appendix. The following pages deal 
with comparisons between questions. For example, how people who selected over 
150€ for price answered the expected lifetime question.

Online Survey

Fig 30: Testing survey on smart phone
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Product Lifetime

From all respondents, 45% of people expected to repair or replace their headphones 
before having them for 2 years. 

When headphone cost is compared with lifetime expectations (Figure 31) expected 
lifespan increases for those who have bought more expensive headphones. Just 
under 80% of respondents spending over 150€ expect their headphones to last 
longer than 2 years. The majority of these expect lifespans of up to 3 years and up 
to 5 years. 

In contrast 68% of respondents spending less than 50€ expected a lifespan of less 
than 2 years.

From the survey results purchase price and expected lifespan seem to be directly 
proportionate to each other.

When broken down by headphone type (Figure 32) lifetime expectations for Over 
Ear and On Ear headphones are higher than In Ear.

There was no significant difference in lifetime expectations between owners of 
wired or wireless headphones.

Fig 31: Price / lifetime expectations  - (Question 13 see Appendix)

Fig 32: Headphone type / lifetime expectations  - (Question 13 see Appendix)

Q6:
Up to 50€

Less than 6 months Up to 1 year Up to 2 years Up to 3 years

Up to 5 years Up to 8 years Over 8 years

Q6:
Up to 250€

Q6:
Over 250€

Q4: In Ear

Q4: On Ear

Q4: Over Ear

Less than 6 months Up to 1 year Up to 2 years Up to 3 years

Up to 5 years Up to 8 years Over 8 years
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End of Life and Repair

If their headphones stop working to their satisfaction most people (over 60%) 
expect to discard them and buy a replacement set. 

What people do when their headphones no longer work varies depending on how 
much headphones cost (Figure 33). 

Most respondents do not expect to repair Headphones that cost up to 50€ with 
80% selecting discard and replace as their likely course of action. Surprisingly, 
this figure is the same for Headphones up to 250€ where 80% of respondents also 
selected discard and replace. 

Over 250€ only 36% of respondents selected this option with the majority selecting 
some form of repair action.

When compared by age the respondents in the older and younger brackets were 
less likely to repair. The middle age category 35 – 44 were most likely to try and 
repair, half selected discard/replace and half selected some form of repair. This 
percentage decreases as you move to older or younger categories.

The larger form factor on ear and over ear headphone types were more likely to be 
repaired. (Figure 34)

Users were more likely to discard wired headphones rather than wireless if they 
stop working. 

Fig 33: Price / repair or replace  - (Question 14 see Appendix)

Fig 34: Headphone type / repair or replace  - (Question 14 see Appendix)

Q6:
Up to 50€

Q6:
Up to 250€

Q6:
Over 250€

Q4: In Ear

Q4: On Ear

Q4: Over Ear

Attempt to fix them yourself Find a repair man to fix them

Ask a friend to fix themDiscard them and buy a new set

Other

Attempt to fix them yourself Find a repair man to fix them

Ask a friend to fix themDiscard them and buy a new set

Other
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Importance of Product Attributes

A ranking question was designed with the intention of seeing what people 
consider most important when choosing headphones. Separate questions were 
used depending on if a person had chosen wired or wireless so that features not 
common to both could also be ranked. (See Appendix - Question 9 & 11)

Sound Quality was ranked as most important by a significant margin for both wired 
and wireless headphones.  

Of the people who ranked repairability in their top two most important attributes, 
one in five also ranked environmental impact in their top two. By contrast, of 
people who ranked repairability in their two least important attributes, only 2% 
ranked environmental impact as important (in their top two). (Figure 35)

Even more significantly, of the people who ranked Environmental Impact in their 
top two most important attributes, 40% also ranked repairability in their top two. 
However, of people who ranked environmental impact as least important (bottom 
two), less than 2% ranked repairability in their top two (most important). (Figure 
36)

Environment Ranked
Most Important

Repair Ranked
Most Important

Environment Ranked
Least Important

Environment Ranked 2nd 
Most Important

Environment Ranked 2nd 
Least Important

Repair Ranked
Least Important

Repair Ranked 2nd Most 
Important

Repair Ranked 2nd Least 
Important

Fig 35: Importance of Environmental Impact to those who value Repearability

Fig 36: Importance of Repearability to those who value Environmental Impact

Ease of Repair

Environmental Impact
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Summary & Reflection

In general people who spend more on their headphones expect them to last longer. 
The same people who expect longer lifetimes are also those who are more likely to 
attempt repair (Figure 37). As I would have expected, people see In Ear headphones 
as a more disposable product than larger products such as on ear or over ear.

I am surprised by how low people’s expectations are in terms of lifespan. I did not 
anticipate that almost half of respondents would select less than 2 years as their 
expected product lifespan. I am aware now that my own expectations are quite 
high when it comes to these product attributes. I also think that perhaps this is a 
result of portable electronics in general becoming more difficult to repair.

In terms of informing this design project the information from this survey would 
suggest that people do not currently have high expectations for product lifetime 
and do not see repair as the likely action at the end of product life. If used as a 
traditional market research survey the results would indicate a lack of market for 
products that are repairable or environmentally friendly. 

However, while cognisant of the relatively small sample size, the survey indicates 
the potential of a niche premium market for repairable wireless headphones. 
Furthermore, there could be an opportunity to grow the connection between ease 
of repair and perceived environmental impact.

Fig 37: Lifespan / repair or replace  - (Question 13/Question 14 see Appendix)
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Part 4 - Headphone Design & Prototype

People’s expectations regarding lifetime and repair need to change. Designers have 
an important role to play in this. In this section I will detail the design of a pair of 
repairable and hackable wireless headphones.

When designing this product, the basic rationale was a way of assembling a set of 
components in consumer electronics that reflects the lifespan of the product and 
does not limit repair.

Regarding wireless headphones I want to give the product at least a chance to 
have a long lifespan. I think wireless headphones may never last as long as wired 
headphones so achieving the same lifespan as some older wired models may not be 
possible. These wired models as previously described are usually strongly built so 
that housing and mechanical parts rarely fail. From reading many forum posts on 
the subject and from my own repairs, cable repair or replacement is very common 
which requires very simple soldering skills from the user. Driver replacement is 
the most common modification on older models when people want to change the 
sound profile (Members, 2020).

When designing and developing my headphones repair and hacking have been 
the most prominent design drivers. Most decisions like component selection, how 
the product is assembled, choice of materials etc have been driven by keeping the 
design as open as possible to repair and hacking. 

I have also paid close attention to fundamental requirements from headphones. 
Headphone weight should be 250g or less, this is based on existing wireless 
headphones like the Sennheiser Momentum 2 and the older wired headphones I 
have that I can wear for an extended period of time comfortably.

Appearance of the end product should not alienate the majority of the market. This 
is of course subjective and a difficult thing to measure. In the scope of this project 
it will not be measured, and it remains something I am conscious of as the designer 
of the product. 

This concern was added as designing something to be inherently repairable can 
push the aesthetic qualities in a direction where it looks repairable in a negative 
way, whether that means clumsy exposed screws or a bulky design that is not 
desirable to most users this is important to avoid.  

Fig 38: 1970s Pioneer Headphones - Comfortable wired over ear headphones - Durable, Inherently 
hackable & repairable. Many working examples can still be found at time of writing.
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At the start of the project I was considering approaching the headphones mainly 
from a materials perspective. To this end I began with some very rough experiments 
in steam bending thin sections of solid wood and laminating hardwood to make a 
functioning headband. At this point the headband seemed like the most challenging 
part to make from a natural material.

The project eventually changed course and I stuck to materials more traditionally 
used in headphones. I did use the laminate construction to make a headband for 
the final model in cardboard and wood (page 98). The laminate performed well as 
a spring in the cardboard model and enabled meaningful ergonomic testing but 
when repairability became the main project direction I decided not to pursue it 
further due to durability issues. This could be re-examined at a later date but is an 
extensive project in itself. 

Before settling on making on ear headphones I had been experimenting with 
different ways of constructing ear pads also for over ear headphones. Techniques 
that would make it easier for people to construct their own ear pads for customising 
or replace ones that had worn out. 3d printed frames that could be directly stitched 
through were tested as well as basic wool felt pads. 

Fig 39: Laminating mould with tension strap and laminated test pieces in oak and ash. Fig 41: Ear Pad Tests

Fig 40: The stove-top steam bender with drip collector and temperature measurement. The jig 
worked but there was nowhere near the repeatability needed to make parts with similar mechanical 
properties.

Early Experiments
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Fig 42: Early trials with 3d printed and water jet cut parts for headphones.
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Stock Components
The design of these headphones followed somewhat of an older industrial design 
process. As was common in the early days of industrial design in the U.S. much 
of the form of the product was dictated by the components already selected to fit 
inside. 

Battery Selection
Typical portable electronics such as tablets, mp3 players and many phones use 
Lithium Ion pouch cells. Pouch cells give excellent power storage to weight ratio, 
generally higher than that of hard shell li-on cylindrical cells such as the prolific 
18650. There are however safety concerns with this type of cell, they tend to swell 
with age or misuse and will release toxic gases if ruptured (Battery University, 
2019).

Pouch cells have many variations in sizes available and have yet to be standardized 
as with older battery chemistry cells such as the A, AA, and AAA cylindrical 
cell standards. This means that sourcing a replacement pouch cell of the right 
dimensions for your product can be challenging. Even more difficult is knowing 
that the battery is of decent quality and is coming from a reputable manufacturer. 
This difficulty has been discussed extensively for example for the Apple Ipod 
Classic batteries (Iflash, 2017).

Cylindrical lithium Ion cells are manufactured in a number of standard sizes the 
18650 being used a lot in electric vehicles, cordless power tools and older laptop 
batteries. Electronics enthusiasts dismantle old products to source cells that are 
still in working order.

They are widely available and easy to find from reputable manufacturers both from 
shops and online. There are still fake batteries available, but you can buy batteries 
from major manufacturers like Samsung, Lg and Sanyo from known local resellers 
greatly reducing the risk of buying a fake battery (Brookes, 2020).

Unfortunately, the 18650 cell is too large and heavy for use in headphones. Average 
weight of these cells is about 45g and the 65 x 18mm package makes it difficult to 
fit in a headphone cup.  Initially I thought of putting the battery in the headband, 
but I realised this weight at the top of the band would likely make the band slide 
off your head whenever you move. 

There is however a smaller cylindrical cell in a standard size that has comparable 
capacity to the battery in the Sennheiser Momentum over ear wireless headphones. 
The RCR123A also known as the 16340 battery is quite easy to source* and is being 
used quite a lot in torches and bicycle lights. 

By picking a battery already used in many devices that is easy to source at least 
currently** I am giving the product a better chance of the battery being replaced 
by the end user.

*In Finland at time of writing this battery size is available from at least 5 domestic 
online retailers. It is also available on platforms such as eBay and Amazon from 
both European and worldwide sources.

**Replacement pouch cells even for products that have just been released are quite 
difficult to find.

Fig 43: Lithium-Ion Cells 
   
Left: 18650 Cylindrical Cell 
Middle: CR123A Cylindrical Cell 
Right: Ipod Classic Pouch Cell

Component Selection and Electronics
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Fig 44: Product Specific PCB (Beats Solo3), Modules (DIY Audio Parts)

Electronics Component Selection
Early in the design process I decided to avoid using a custom PCB to mount all 
components. The typical configuration of small electronics products use PCBs that 
are designed to fit in a given space. Components are soldered to the board and the 
board is screwed or retained in place by snap features in the housing. This keeps 
the part count in the final assembly low and provides a very robust and durable 
structure to support the electronics. Single PCB designs are favoured to reduce cost 
and complexity however this restricts hacking and repair.

As discussed previously surface mount components are the most common form 
of electronic components, through hole components are largely avoided for their 
larger size and higher cost. Some component types are also becoming difficult to 
source in through hole packages.

I wanted to use an assembly of off the shelf components. By having the components 
mechanically separate repair and hacking would be further facilitated. If for 
example the user wanted to change the charging port from micro USB to USB C 
they could do it without changing the rest of the electronics. 

This also ties in with the electronics modules available through online marketplaces 
such as Aliexpress and eBay. For example, a micro USB module such as the one I am 
using can be purchased at low cost from sellers on both of these sites. This gives 
you a surface mount female micro USB port already soldered to a small PCB. 

The PCB has terminals for individual wires that make it easy to incorporate in your 
circuit. This also makes it relatively easy to swap the module to a USB C module 
with the aid of a soldering iron. As the module is connected by individual cables a 
standard single tip soldering iron will do the job fine.
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As previously discussed sourcing headphone speaker drivers can be a challenge. 
For the prototype I selected a large 50mm driver made by Danish manufacturer 
Peerless. Form my own search 50mm seems to be the most common size of 
headphone driver. As one of the largest driver manufacturers their products are 
widely available around the world. When making these headphones it would be 
possible to use many drivers such as the cheaper ones produced by Dayton Audio 
or a driver taken from a donor pair of headphones. Most headphone drivers are 
smaller than the Peerless driver I chose and so would fit in the driver cavity with 
some hacking to the housing or by adding some sort of adapter part.

Other electronic components like the 3.5mm jack was selected based on its already 
widespread use in audio products and equipment. A very common push switch 
made by Japanese manufacturer Alps Alpine was selected. The switch is a double 
pole switch and so can be used to power off the Bluetooth circuit and switch on the 
3.5mm input effectively switching the headphones to wired mode.

In the prototype a relay was added to switch off the load when the battery was 
being charged. Relays are usually avoided in portable battery powered circuits as 
they consume a lot of power and can often be replaced by transistors which also 
weigh much less. In this case the relay only uses power when the device is charging. 
The extra weight of the relay increases the weight of the right ear cup so that is 
close to being balanced to the left which contains the battery. 

Fig 45: Headphone Drivers; Left to Right, Peerless 40mm, Peerless 50mm, Unbranded 50mm, Vintage 
Pioneer

Fig 46: Relay, Micro USB and 3.5mm input jack in prototype circuit.



090

For the most complex part of the design, the ear cup drawings of stock components 
were printed at 1:1 scale and casings and supports were sketched on tracing paper.

Much of the design development took place using sketching, cardboard models and 
3d modelling concurrently.

The size of the driver and battery together was the starting point for the cup 
design as these were the two largest stock components that had to fit inside the 
headphones. Originally I wanted to use a headband that mounts to the centre of 
the outside of the cup, as for example in the Sennheiser Momentum 2 (See page 65) 
and many vintage headphones. 

After a while I switched mainly to cardboard models to get a better sense of 
3-dimensional scale. Cardboard and hot glue were used extensively to try different 
cup sizes, headband set ups and adjustment ranges.

After making a model of this layout I decided to pursue a different direction.  Due 
to the substantial battery size, the headphone cup needed equally substantial 
depth. This called for a new design direction, with the more common two-point 
pivot on edges of the cup.

Fig 47: Ear Cup Development

Form and Ergonomic Development
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Fig 48: Tracing cup shapes over stock parts.

Fig 50: Laminating cardboard to make curves and increase rigidity for headband parts.

Fig 49: Ear cup section development

Fig 51: Laminating cardboard headband.
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Fig 53: Ergonomic testing of on ear cardboard model

Fig 54: Ergonomic testing of early over ear cardboard model

Fig 52: Cardboard models
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Fig 55: Making structural parts for on ear model

Fig 56: Ear cups and structural parts assembled.

Fig 57: Prototyping headband cover with black paper
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Fig 58: Final on ear model. Fig 59: Final on ear model.
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I prototyped several circuits before picking one I was satisfied with.

Most of the logic design and prototyping behind it was around how the switches 
work. As discussed previously, the switch toggles between wireless and wired modes 
by turning off the Bluetooth module at the same time as turning on the 3.5mm 
input jack. The Relay would turn off the circuit when the device was charging to 
avoid charging errors. 

I also had to test several capacitors connected in series with the drivers to see 
how it affected the audio. These would filter out unwanted noise when in wireless 
mode.

Fig 60: DPDT Switch Plan

Fig 61: Testing the circuit using Bluetooth source (smart phone)

Fig 62: Circuit schematic

Circuit Design & Prototyping
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Fig 63: ‘Plank’ prototype Fig 64: Circuit schematic detail view
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Head Band

Ear Cup

Yoke

Gimbal

Wire

Ear Pad

Headband Structure
A stainless spring steel was selected as the right material. This has seen extensive 
use in headphones and headsets. I could buy the steel already in strip format and 
cut and shape it relatively easily using a rotary grinding tool such as a Dremel. I 
used a round piece of wood to form and bend the steel to the shape I wanted for 
the headband.

Ear Pads
The ear pad design I selected is similar to that in use on the Pioneer SE-L40 (page 
55). These headphones are very comfortable and easy to wear for extended periods 
of time. I also liked the shape of these ear pads.

To make the ear pad easy to make for as many people as possible especially those 
with limited experience of sewing (including myself), I decided to glue wool fabric 
to a cardboard ring and stuff it with foam(in this case I used carded wool as this is 
what I had available).

Like other parts in this design, the ear pad could also be made from different 
materials by someone with more sewing and fabric handling experience. Leather, 
PU Leather or Velour could be used as is common with models currently on the 
market. Ear cups from other headphones could also be fitted to the design relatively 
easily. They could be glued to the lock disc (described on page 118) or stuck with 
double sided tape directly to the aluminium plates protecting the drivers.

Changing the ear pads has significant effect on how the headphones sound so 
keeping the design open for these types of modifications is important to make 
these suitable for anyone who want to modify the acoustic properties. 

Prototype Parts

Fig 65: Prototype Diagram
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Gimbals
The gimbals are the parts that connect the ear cup and the headband, they facilitate 
rotation of the cups on the vertical and horizontal axes. In my design they were 
intended to be made from stainless steel but welding access in the university was 
not possible during the prototyping stage due to Coronavirus restrictions. I came 
up with a few alternative methods for making the same part. An assembly that uses 
threaded fasteners, a brazed joint and a riveted joint.

The joint needs to be rigid enough not to rotate as the rotation takes place between 
the pin and the yoke. Although the threaded fastener style joint was easiest to 
make in my situation it was least suitable as it would often loosen when wearing 
the headphones. So I decided to try brazing and riveting. 

Both joining methods proved viable although they did restrict material choice. I 
used a lead/tin solder to braze the parts which restricted me to copper alloys for 
the two parts - so I used brass.  The riveting process lends itself well to a soft steel, 
but it also requires a solid bar rather than a tube as used in the brass or stainless 
versions. 

Both the brass and steel versions increased the overall weight of the part something 
I was trying to keep as low as possible. The steel riveted version needs a solid 
bar for the pin and the brass strip needed to be thicker in order to have the same 
rigidity as stainless steel.

Fig 66: Different joint types for Gimbal

Fig 67: Brazing parts at home.

Fig 68: Gimbal Sketch
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Headband Cover
I made the headband cover from leather as I already had a thin piece that was of 
appropriate thickness (about 1mm). 

The cover is quite straight forward to make, two identical patterns are used, I 
printed the pattern at 1:1 scale and used it to mark out the parts. I used a rotary 
cutter, but a sharp craft knife or scissors would also work well for this thickness of 
leather.

An awl was used to make holes for stitches, but with material this thin a needle 
could be pushed directly through the leather if you do not have an awl . A sewing 
machine could be used as an alternative to hand stitching.

The material could be substituted easily for example with felted wool or a woven 
material.  The pattern would be provided along with the rest of the design files to 
allow people to make their own however they wish.

Yoke
This part connects the gimbal and the headband rails (see figure 65). In the 
prototype, it is made from a commonly used engineering plastic, Acetal (POM), as 
this material allows smooth rotation and sliding of tubular pin on the gimbal.

Depending on the material chosen for the gimbal, this part could also be made from 
brass. Further modifications to the design could be made such as adding spring 
loaded friction pieces inside the part. This would enable more control over the 
amount of force needed to adjust the headphones but would also add complexity.

Fig 69: Using printed pattern to mark leather.

Fig 70: Marking points for stitch marker
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Ear Cup Detailing
Initially I was planning to add features to the ear cup parts that would hold and 
support all the electronics. If possible in a project, this is what I would normally do, 
as this is a logical approach that reduces part count and subsequently complexity 
and cost.

However, I realised that for my design, adding an extra chassis part would make 
sense given my objectives with the project. The inside of the cup component could 
be left bare and enable much easier hacking or changing to completely different 
electronics. For example, using the parts from the Beats headphones I didn’t 
manage to repair in Part 3.

This chassis part is mounted to the cup by four screws that screw into brass inserts 
as already used for the driver plates. The part I have made during the prototyping 
was 3d printed, and by sharing the design file, other people could redesign it to fit 
the electronics components they want to use. 

There is one chassis part for the right ear cup that holds most of the electronics 
and a different one for the left ear cup that holds the battery in place.

The hole position in the part is the same in both ear cups. A simple flat plate could 
be laser cut from a plastic sheet, drilled and filed by hand in metal or even cut from 
cardboard with some basic crafting tools. Like other parts in this design the idea is 
that people with access to different tools and machines can make it the way that 
suits them.

This extra part actually ends up being 9 extra parts. 1 chassis, 4 brass inserts and 
4 screws. By adding this part, I am also conscious that the overall environmental 
footprint of the product will increase and so will the product weight, but I decided 
that it was worth it to try and extend the lifespan in this case.

Chassis

Ear Cup Driver

Ear Pad

Fig 71: Exploded Right Ear Cup Drawing
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Fig 74: Soldering electronics and mounting to chassis.

Fig 75: Completed Electronics assembly.Fig 72: Right Ear Cup Electronics sub assembly

Fig 73: Left Ear Cup Battery Holder sub assembly
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Ear Cup Fixings
Snap fits, adhesives and screw bosses are three of the most common fasteners used 
in consumer electronics.

These techniques do not lend themselves well to disassembly and reassembly. Snap 
fits weaken and often break during disassembly. Adhesives can be hard to remove 
and even harder or specialised to replace for example if UV cured glue is used. 

Screw bosses are not a bad option if designed well, although a plastic screw in a 
moulded screw boss will degrade mechanically with each insertion or removal of 
a screw. In many products I have disassembled the plastic in between the threads 
of the screw strips out and the screw boss becomes useless. A common trick is 
reseating the screw with glue inserted in the old boss. If the boss completely strips 
from the plastic part then it becomes very difficult to repair.

Brass inserts are often specified for fixings that are removed multiple times 
throughout a products life. I have used them in this design to facilitate disassembly 
and reassembly without compromising mechanical strength.

Screws
All of the screws used in the design are standard metric machine screws with the 
exception of two smaller self-tapping plastic screws used to hold the micro usb 
board(charging input) in place.

For the prototype I modified the screws that are used on the gimbal part however 
these are still M3 machine screws and can be replaced with such if needs be. As a 
consumer of hackable headphones I probably fit closest to the profile of machinist/
metalworker and so I trimmed the heads of the screws with the lathe as I could turn 
the screw by hand during assembly and lock it from the inside of the cup with a nut.

Fig 76: Brass insert in measurement tool for replacing button cell.

Assembly Features, Fixings & Fasteners
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Fig 77: Adding brass inserts to printed part using soldering iron. Fig 78: Printed parts - Ear cups containing brass inserts.
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Bayonet Ear Pad Lock
Having removed the ear pads from several headphones, I was familiar with some 
of the attachment methods. In order to get access other components, the ear pads 
usually need to be removed first. This can be difficult and in cases where they are 
stuck to the ear cup with tape or glue, the fixing method becomes damaged and 
needs to be reapplied to securely remount the ear pad.

I liked the bayonet style mounting used on the Pioneer headphones (page 55) 
although it did have some issues. So I decided to try and come up with my own 
locking mechanism that would allow easy removal of the ear cup to gain access to 
the rest of the components in the headphones.

My idea was to use a tapered slot that would bind on a countersunk screw head 
when the ear pad was rotated. The slot would be large enough at one point to 
provide clearance around the screw head and would gradually get tighter as it was 
rotated.

4 slots in a circular layout were cut in a plastic (PMMA) plate that the ear pad 
would be mounted to. M2 countersunk screws were mounted to the driver guard 
plate. The system worked better than I expected possibly due to the laser cutter 
putting a slight angle on cut edges of the plastic.

Fig 79: Ear Cup Locking Disc. Left - Open, Right - Locked

Fig 80: Ear pad mount plate with slots and driver retaining plate with countersunk screw heads.
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Fig 81: Manufactured parts and fixings for one side.
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Fig 82: All custom parts for the prototype.
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Product Distribution

Following on in the tradition of DIY audio, my headphone design would be available 
in kit format and would include all supporting documents for free. 

By involving the user in the assembly process of the product, a stronger link is 
made between the consumer and the product (Terzioğlu, Brass, & Lockton, 2015). 
More importantly, I think that users who have assembled products in kit format are 
more likely to attempt repair and hacking of other products. 

A completely customizable kit will be offered of these headphones, where customers 
only order the parts they need. A leather worker for example, would order all parts 
except the headband cover, and perhaps the ear pads, since he has the material and 
expertise to make these parts himself. A machinist would order all the parts except 
for those he can machine himself like the Yoke and Gimbal parts.

All 3d models, drawings, patterns, circuit diagrams and schematics would be made 
freely available, so that anyone who wants to can modify the design to their liking.
 
By making all the design files open, I hope that the design and particularly 
electronics would get developed further by the online community. My electronics 
skills have limitations and this is no doubt evident in this project. For example, 
the prototype I have built does not have volume control interface, active noise 
cancelling or a microphone for taking phone calls. All these features could be 
developed further with the help of the online community. 

The question of what a designer’s role is with open source projects is an interesting 
one. Patents and intellectual property are not applicable in this case. To sustain 
the project and my own involvement, I think a realistic approach would be to focus 
particularly on the parts that most people cannot easily make themselves. 
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Conclusion

Consumers today can not evaluate the quality and durability of products based 
on the brand or seller, since market logic currently does not align longevity and 
repairability with profit. Therefore, motivated consumers consult online resources 
for user-made tests and reviews. 

Manifold platforms have sprouted that promote and aid repairing of consumer 
products. The consumers have gathered in online communities where they share 
experiences, teardowns, manuals, hacks, software, firmware and 3d printed 
replacement parts. 

From a design perspective, it is a promising approach to build a product upon 
the knowledge of these communities. The thesis looked at existing products that 
promote this approach. They make use of transparency, open information and 
modularity. 

Headphones were selected as the product category for this thesis. There is an 
existing community around DIY audio with an ecosystem of available components. 
Research of existing repairable headphones shows that a kit-based approach is 
promising, where users assemble the headphones themselves. 

The process of assembly gives the users the understanding and knowledge to repair 
the headphones later. Also, the kit-based approach makes it easy to replace parts, 
with original replacements or even third-party components. While the speaker 
drivers of headphones were never easy to recycle, the electronic construction 
up until now was relatively simple. The addition of wireless capability and noise 
cancelling further complicates the electronics in headphones, adding to the stream 
of e-waste. 

To respond to that challenge, it was chosen to design wireless, battery powered 
headphones which are user repairable to a high extent.

To further inform the design, an analysis of three existing headphones was carried 
out. In order to be repairable and hackable, headphones must: (1) be made from 
durable parts; (2) be easy to diagnose by users; (3) use commonly available parts 
for replacements, especially where a failure can be foreseen (ex. battery).

The quantitative survey confirms the assumption that consumers expectations of 
repairability of headphones is currently low, following the trend in smartphones and 
computers. There is a niche of high-end repairable headphones. However, another 
approach is to design a product that can raise the expectation of repairability. 
Based on the findings of part 2, such a product should be kit-based, reasonably 
priced and assembled by the consumer.

Based on the gathered approaches and strategies for repairable consumer 
electronics, the final outcome of the thesis is a set of wireless headphones, which 
are repairable and hackable: (1) It is based on stock parts and third-party electronic 
audio components; (2) The parts housing electronics can stripped down so there 
is physical space to modify the interior; (3) It uses proven and common hardware 
structures made of durable materials; (4) It is assembled using screws and brass 
inserts for repeated disassembly; (5) It comes with all of the supporting documents 
necessary for modifications. 

Summary of Findings
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Headphone Analysis
As mentioned previously only 3 headphone models were analysed as part of the 
primary research. To get a better sense of the situation concerning repairability 
and hacking with mass produced models it would be valuable to have more data. 
Throughout the whole project, forums and content sharing websites have been 
looked through multiple times for information. This is where people go to share 
information with other amateurs and professionals attempting repair. Contacting 
users who post repair videos for interviews and comment could be a good way to 
expand and gain more meaningful information. 

Survey
Although the survey managed to get a decent sample size the insights gained were 
not definitive. While a larger sample size may have provided a stronger basis for the 
conclusion drawn, the survey was a valuable indicator of the strong link between 
desire for repairability and the desire to minimise environmental impact.

Prototype Limitations

Electronics
Most wireless headphones now contain built in microphones and interfaces 
allowing control of volume and playback. These would be necessary additions for 
any credible alternative to mass produced headphones. This was not a priority in 
the project as more time was focused on making the overall product repairable and 
hackable. Conversely the prototype could be hacked to have these features. The 
components required do not take up much physical space or add much weight to 
the product and so do not challenge the repairable nature of the design.

Bluetooth audio receiver modules such as the TinySine Audio board I have used 
are now available with on board digital signal processing. Similar to the Hifiberry 
Beocreate amplifier discussed on page 48 this would allow detailed tuning of 
the headphones sound and would likely draw the same kind of people who are 
interested in the Hifiberry project into this one.

Acoustics
Very little time was spent on developing the sound profile of the prototype. 
I considered it better to focus my time elsewhere as the mechanics and overall 
design seemed more pressing to the thesis objectives. However, to sell a full kit and 
provide useful advice on modifying the sound profile physically, it would be a good 
idea to spend some time testing changes that have implications for sound. For 
example, different ear pad materials and how the drivers interact with the internal 
volume of the cup. 

Mechanics
Currently 3 different sizes of machine screw are used in the prototype, this could 
probably be reduced to one size with some more refinement of the design. Using 
only one size of fixing reduces the number of tools required for users to disassemble 
the product and make the process of assembly/disassembly easier.

The removable chassis part (page 110) helps facilitate hacking of most of the 
electronics components in the prototype. However, in the current design, the 
audio jack input, charger port and button hole are independent of this part and 
are mounted directly to the right ear cup. To further enhance the hackability of the 
design, I would like to mount these parts in such a way that they could be easily 
changed without significant modifications to the housing.

Ideally several prototypes would be constructed to show different ways of making 
the same parts and how various materials could be substituted. This would help 
communicate the idea that different consumers could approach the product and 
kit in different ways. 

Limitations and Possible Improvements
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Discussion
Enzo Mari’s notable Autoprogettazione project from 1974 distributed plans for 
simple furniture that could be built with just a few tools and off the shelf timber 
sections. The point of his project was not however for people to build all their own 
furniture and avoid buying tables and chairs. By engaging people in basic carpentry 
and furniture making Mari wanted people to be better able to evaluate quality of 
furniture they were buying. He was concerned that manufacturers were producing 
sub-standard furniture. (Mari, 1974)

I think the most powerful part of engaging people in assembly, hacking and repair 
is to make them more discerning consumers. Enticing more people into the hacking 
and open source hardware communities gets people to start questioning why can’ t 
I remove the battery from this product, why aren’t there spare parts available etc.

The mysticism surrounding consumer electronics needs to be broken down, 
manufacturers need to be pushed into designing for repair and providing 
documentation that prolongs the lifespan of their products.

I would like to see more and more people getting into repair and I think a good 
way to entice people to take part is to provide attractive products in kit format at 
a reasonable price. If we are to have a sustainable future with consumer products 
everyone needs to be an amateur repairman of some type.

Previous projects on both DIY headphones and other electronics products are 
already beginning to get people to ask these questions. I am hopeful that this 
project can be an addition to what is already there. I think the bigger the variety of 
projects available the more of a chance there is to get people involved. 

I hope in the future that change in consumer attitudes will be the main driving 
force to demand repairable products. Government regulation is also desirable, and 
I think this has already been the catalyst for consumers to question energy usage 
and repairability in large home appliances. However, the lifespan of the current 
political climate that legislates for repairability is unknown.  If repairability and 
lifespan can once again become embedded in consumers wants and needs, this will 
have a more powerful and possibly longer lasting effect.
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Glossary

ANC - Active Noise Cancelling - Using a microcontroller to add inverse sound waves 
to reduce external noise in while wearing headphones.

Bodger - Craftsman who makes chairs using wood not completely dry.

Cooper - Craftsman who makes barrels from wood.

DIY - Do It Yourself

DPDT - Double Pole Double Throw Switch
A type of switch with two isolated poles and two available switching positions.

DSP - Digital signal processing (Audio) optimizing or improving an audio signal for 
a specific purpose.

E-waste - Electronic Waste

PACE - Platform for Accelerating the Circular Economy

PCB - Printed Circuit Board 
How electronic parts are connected together and mounted in almost all electronic 
products.

Pentalobe screws - Tamper resistant security screw common in Apple products

REE - Rare Earth Elements
Materials used in the manufacture of magnets. Vital to modern motors, generators 
and speaker drivers.

Sealed uni-body design - Smart product architecture where body of product is 
made primarily from one material generally making them difficult to disassemble.
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Figures

All Photographs, Schematics, Drawings and Diagrams are original content 
produced by the author unless specified below. 

Fig 4: Reddit Screenshot taken 19/04/2020 from: 
https://www.reddit.com/r/BuyItForLife/comments/9kexv8/bifl_computer_chair_ 
mainly_used_for_programming/ 

Fig 5: Youtube Screenshot taken 19/04/2020 from video at 11minutes 58seconds: 
https://www.youtube.com/watch?v=ZY7XO5H_6HY 

Fig 6: Through Hole Components Retrieved 21/04/2020 from: 
https://resources.altium.com/p/why-use-through-hole-technology-in-pcb-design 

Fig 7: Surface Mount Components Retrieved 21/04/2020 from: 
https://www.worthingtonassembly.com/blog/2013/03/22/design-for-
manufacturability-dfm-use-surface-mount-components-smt-part-1-of-many 

Fig 9: Trigger’s Broom Retrieved 17/03/2020 from: 
https://rhodestothepast.com/2018/07/05/daft-as-a-brush-the-ancient-
philosophy-of-triggers-broom/ 

Fig 10: CircularEconomy Graphic Retrieved 19/04/2020 from: 
https://www.ellenmacarthurfoundation.org/circular-economy/concept/ 
infographic 

Fig 11: Design Out Waste: The Optimist Retrieved 15/04/2020 from: 
https://www.agencyofdesign.co.uk/projects/design-out-waste/ 

Fig 12: Ore Streams Retrieved 15/04/2020 from: 
https://www.formafantasma.com/filter/home/Ore-Streams-1 

Fig 13: Open Structures Water Boiler Retrieved 15/04/2020 from: 
https://www.dezeen.com/2012/10/20/openstructures-water-boiler-by-unfold/ 

Fig 14: Transparent Tools Retrieved 15/04/2020 from: 
http://www.jessehoward.net/work/transparenttools 

Fig 15: Photograph by Tuomas Hämäläinen 2016 

Fig 18: Print+ Headphones Retrieved 15/04/2020 from: 
https://www.print.plus/store/diy-headphone-kit-black 

Fig 19: HomeBrew Headphones Retrieved 15/04/2020 from: 
https://homebrewheadphones.com/3d-printed-bluetooth-headphones/ 

Fig 21: Pioneer SE-L40 Exploded Drawing Retrieved 18/04/2020 from: 
https://www.hifiengine.com/manual_library/pioneer/se-l40.shtml

Figures 31 to 37 exported from online survey tool, SurveyMonkey.

Figures 53, 54 and 59, photographs by Hala Menassa.

Final photographs (pages 124 - 130) taken by the author and Hala Menassa.



144

Bibliography

Amzaleg, O. (2016, October 14). Headphone Ear Pads 101: The What, Why, & How of Ear Pads. Retrieved 
from Wicked cushions: https://wickedcushions.com/blogs/news/headphone-ear-pads-101-
the-what-why-how-of-ear-pads

Andrea Trimarchi, S. F. (2019). Retrieved from Ore Streams: http://www.orestreams.com/

Apple Inc. (2020, April 20). Beats Service Pricing. Retrieved from Apple Support: https://support.apple.
com/beats/repair/service/pricing

Balde C. P., F. V. (2017). The Global E-Waste Monitor 2017; Quantities Flows and Resources. Vienna: 
United Nations University.

Battery University. (2019, April 24). BU-301a: Types of Battery Cells. Retrieved from Battery University: 
https://batteryuniversity.com/learn/article/types_of_battery_cells

Berman, B., & Swani, K. (2010, January). Managing product safety of imported Chinese goods. Business 
Horizons, 53(1), 39-48.

Bourzac, K. (2011, April 19). The Rare-Earth Crisis. Retrieved March 01, 2020, from MIT Technology 
Review: www.technologyreview.com/s/423730/the-rare-earth-crisis/

Brookes, T. (2020, March 2). The Best 18650 Battery and How to Avoid Buying Fakes . Retrieved from 
makeuseof.com: https://www.makeuseof.com/tag/18650-battery/

Carnoy, D. (2017, January 17). AirPods’ sales spike barely dents market share for Beats and Bose. 
Retrieved from CNET: https://www.cnet.com/news/npd-wireless-headphone-sales-
december-2016-airpods-beats-bose/

Clark, D. (2016, November 14). “Open Alpha” T50 3D printed headphone project from MrSpeakers . 
Retrieved from Head-Fi: https://www.head-fi.org/threads/open-alpha-t50-3d-printed-
headphone-project-from-mrspeakers.825868/

Crawford, M. (2011). The Case for Working with your Hands. London: Penguin.

Dalhammar, E. M.-E. (2018). Regulating Planned Obsolescence: A Review of Legal Approaches to 
Increase Product Durability and Reparability in Europe. RECIEL, 378 - 394.

diyaudio.com. (2020, March 01). Retrieved March 01, 2020, from www.diyaudio.com

Dolton , P., Marcenaro, O., & De Vries, R. (2018). Global Teacher Status Index 2018. London: 
Varkey Foundation. Retrieved from https://www.varkeyfoundation.org/media/4790/gts-
index-9-11-2018.pdf

Dougherty, D. (2012). The Maker Movement. MIT Press: Innovations/ volume 7, number 3, 11-14.

Dow, T. (Director). (1996). Only Fools and Horses: Heroes & Villians [Motion Picture]. United Kingdom: 
BBC.

EMAF. (2020, April 19). What isthe circular economy? Retrieved from Ellen MacArthur Foundation: 
https://www.ellenmacarthurfoundation.org/circular-economy/what-is-the-circular-
economy

Fairphone. (2020). Retrieved March 01, 2020, from About Us: www.fairphone.com/en/about/about-
us/?ref=footer

Finlay, R. (2015, October 23). They Used To Last 50 Years. Retrieved from ReCraigslist: https://
recraigslist.com/2015/10/23/they-used-to-last-50-years/

Forty, A. (1986). Objects of Desire; Design and Society since 1750. London: Thames & Hudson.

Foundation, F. (2020, April 24). What is a Fab Lab? Retrieved from Fab Foundation: https://
fabfoundation.org/getting-started/#fablabs-full

Friedlander, D. (2012, July 9). What is Heirloom Design? Retrieved from Life Edited: https://lifeedited.
com/what-is-heirloom-design/

Guiltinan, J. (2009). Creative Destruction and Destructive Creations. Journal of Business Ethics No.89, 
21.

Hapeg2(alias). (2018, June 15). hifi wiki. Retrieved from Pioneer SE-L 40: https://www.hifi-wiki.de/
index.php/Pioneer_SE-L_40

Helvert, M. V. (2016). The Responsible Object; A History of Design Ideology for the Future. Amsterdam: 
Valiz.

HiFi-Engine. (2020, April 19). HiFi-Engine. Retrieved from https://www.hifiengine.com/



146

Holland, K. (2012, October 24). Digital switchover takes place. Retrieved from The Irish Times: https://
www.irishtimes.com/news/digital-switchover-takes-place-1.744926

Howard, J. (n.d.). Transparent Tools: Appliances. Retrieved from Jesse Howard: http://www.
jessehoward.net/work/transparenttools

Hucker, G. (2018, May 7). Husqvarna Class 21 Sewing Machine - Mechanical Marvel! Retrieved from 
Youtube.com: https://www.youtube.com/watch?v=f9J584aGvJo&t=

Ifixit. (2018, April 21). Retrieved March 01, 2020, from Bit History: The Pentalobe: www.ifixit.com/
news/9905

Ifixit. (2019, October 31). AirPods Pro Teardown. Retrieved March 08, 2020, from Ifixit.com: www.ifixit.
com/teardown/airpods+pro+teardown/127551

Iflash. (2017, February 24). 3rd party extended Battery guide. Retrieved from Iflash: https://www.iflash.
xyz/3rd-party-extended-battery-guide/

International Labour Office. (2019). The electronics industry in Indonesia and its. Working Paper No. 
330, Social Policies Department, Geneva.

Kalmykova, Y., Patrício, J., & Rosado, L. (2015). Out with the old, out with the new – The effect of 
transitions in TVs andmonitors technology on consumption and WEEE generation in 
Sweden1996–2014. Waste Management, 511-522.

Kapner, S. (2019, November 28). https://www.wsj.com/articles/black-friday-shoppers-beware-of-fake-
five-star-reviews-11574937001. Retrieved from The Wall Street Journal: https://www.wsj.
com/articles/black-friday-shoppers-beware-of-fake-five-star-reviews-11574937001

Ley, S. (2017, November 22). Second Bluetooth 3D Printed Headphone Prototype. Retrieved from 
HomeBrew Headphones: https://homebrewheadphones.com/second-bluetooth-3d-printed-
headphone-prototype/

Lommée, T. (2006). Open Structures . Retrieved from Institute without Boundaries: http://
institutewithoutboundaries.ca/?portfolio=open-structures

Mari, E. (1974). autoprogettazione? Milan: Duchamp Centre.

Matthew Laws, A. P. (2010). Design Out Waste. Retrieved from The Agency of Design: https://
agencyofdesign.co.uk/projects/design-out-waste/

McCullogh, J. (2010). Consumer Discount Rates and the Decision to Repair or Replace. JOURNAL OF 
ECONOMIC ISSUES, Vol. XLIV No. 1.

Members. (2018, January 19). Beats Studio 2.0 Over-Ear Headphone - Reviews. Retrieved from Head-Fi: 
https://www.head-fi.org/showcase/beats-studio-2-0-over-ear-headphone.16531/reviews

Members, M. F. (2020, April 08). Various Diy Headphone Threads. Retrieved from Head Fi: https://www.
head-fi.org/forums/diy-do-it-yourself-discussions.6/

Mikolajczak, C. (2020, February 13). Europe: a market for sustainable smartphones. Retrieved from Right 
to repair: https://repair.eu/news/europe-a-market-for-sustainable-smartphones/

Molina, A. (2020, April 7). Beats Solo3 Wireless review. Retrieved from Sound Guys: https://www.
soundguys.com/beats-solo-3-wireless-review-10016/

Motherboard. (2018, February 01). Tractor Hacking: The Farmers Breaking Big Tech’s Repair Monopoly. 
Retrieved from YouTube: https://www.youtube.com/watch?v=F8JCh0owT4w&t=6s

Odate, T. (1998). Japanese Woodworking Tools: Their Tradition, Spirit and Use. Fresno, CA: Linden 
Publishing.

Oney, F. (2018, May 11). New simpler recycling process extracts rare-earth magnets from discarded 
electronics. Retrieved March 01, 2020, from The American Ceramic Society: www.ceramics.
org/ceramic-tech-today/new-simpler-recycling-process-extracts-rare-earth-magnets-from-
discarded-electronics

Papanek, V. (1972). Design for the Real World. New York: Pantheon Books.

Parsons, T. (2009). Thinking Objects: Contemporary Approaches to Product Design. London: AVA 
Publishing.

Petrarch1603(alias). (2011, August 25). [BI4L] Mission Statement, Rules, Etc. Retrieved from Reddit: 
https://www.reddit.com/r/BuyItForLife/comments/jtjuz/bi4l_mission_statement_rules_etc/

Print+. (2017). Print+. Retrieved from https://www.print.plus/

PwC. (2019, October). Video streaming shakeup: Survey of consumer attitudes and preferences. Retrieved 
from PwC: https://www.pwc.com/us/en/services/consulting/library/consumer-intelligence-
series/consumer-video-streaming-behavior.html

Restart project. (2020). Move slow and fix things. Retrieved from The restart project: https://
therestartproject.org

Roscoff, M. (2015, October 14). Historical Price Trends for Tech Products. Retrieved March 07, 2020, 
from Business Insider: www.businessinsider.com/historical-price-trends-for-tech-
products-2015-10



148

Sabbaghia, M., Cade, W., Behdad, S., & Bisantz, A. M. (2017, January). The current status of the 
consumer electronics repair industry in the U.S.: A survey-based study. Resources, 
Conservation and Recycling, 116, 137-151.

Seitz, O. (2018, June 22). Patreon. Retrieved from The 18 Best Patreon Benefits Video Creators Can 
Offer: https://blog.patreon.com/the-18-best-patreon-rewards-video-creators-can-offer

Semuels, A. (2019, March 21). Your Airpods Will Die Soon. Retrieved October 2019, 13, from The 
Atlantic: www.the atlantic.com/technology/archive/2019/03/your-airpods -will-die-soon

Sennett, R. (2009). The craftsman. St Ives, England: Penguin books.

Sennheiser. (2015). MOMENTUM Wireless M2 AEBT Manual. Retrieved from Sennheiser: https://
assets.sennheiser.com/global-downloads/file/5357/M2_AEBT_EN_A05_1.pdf

Smith, D. S. (Director). (1989). Hands: Harp Making [Motion Picture]. Ireland.

Stadaert, M. (2019, July 2). China Wrestles with the Toxic Aftermath of Rare Earth Mining. Retrieved 
March 01, 2020, from Yale Environment 360: e360.yale.edu/features/china-wrestles-with-
the-toxic-aftermath-of-rare-earth-mining

Stempel, J. (2020, March 2). Apple to pay up to $500 million to settle U.S. lawsuit over slow iPhones. 
Retrieved from Reuters: https://www.reuters.com/article/us-apple-iphones-settlement/
apple-to-pay-up-to-500-million-to-settle-u-s-lawsuit-over-slow-iphones-idUSKBN20P2E7

Sturt, G. (1963). The Wheelwright’s Shop. Cambridge: Cambridge University Press.

Tansel, B. (2017). From electronic consumer products to e-wastes: Global outlook, wastequantities, 
recycling challenges. Environmental International, 35-36.

Tektronix. (2020). Lithium-Ion Battery Maintenance Guidelines. Retrieved March 01, 2020, from Newark: 
newark.com/pdfs/techarticles/tektronix/LIBMG.pdf

Terzioğlu, N. G., Brass, C., & Lockton, D. (2015). Understanding User Motivations and Drawbacks 
Related to Product Repair. State of the Art Sustainable Innovation and Design (pp. 230-240). 
Surrey: University for the cerative arts.

The European Commission. (2010, November). National consumer organisations in Ireland. Retrieved 
from The European Commission: https://ec.europa.eu/info/sites/info/files/national-
consumer-organisations_ie_listing.pdf

The E-waste Coalition and PACE. (2019, January). A New Circular Vision for Electronics: Time for 
a Global Reboot. Retrieved from Pace circular: https://pacecircular.org/sites/default/
files/2019-03/New%2BVision%2Bfor%2BElectronics-%2BFinal%20%281%29.pdf

Thwaites, T. (2011). The Toaster Project. New York: Princeton Architectural Press.

UPM Formi granulates for industrial and consumer applications. (2020, April 17). Retrieved from UPM: 
https://www.upmformi.com/biocomposite-products/materials/

Vanegas, P., Peeters, J. R., Cattrysse, D., Tecchio, P., Ardente, F., Mathieux, F., . . . Duflou, J. R. (2018, 
August). Ease of disassembly of products to support circular economy strategies. Resources, 
Conservation & Recycling, 135, 323-334.

Verkkokauppa.com. (2020, April 24). Beats Solo3 Wireless kuulokkeet - Beats Club Collection, Club Yellow. 
Retrieved from Verkkokauppa.com: https://www.verkkokauppa.com/fi/product/66946/
mvkcq/Beats-Solo3-Wireless-kuulokkeet-Beats-Club-Collection-Club-Y

Verkkokauppa.com. (2020, April 24). Verkkokauppa.com. Retrieved from Sennheiser Momentum 
Wireless (M3) -Bluetooth-vastamelukuulokkeet, musta: https://www.verkkokauppa.com/fi/
product/73990/mqkfb/Sennheiser-Momentum-Wireless-M3-Bluetooth-vastamelukuulokkee
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Appendix - Survey

The following results pages have been exported from SurveyMonkey. 

Below is a logic diagram of how the survey was set up.
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End of survey, message below displayed on screen;

Thank you for completing my survey! 

Data collected will be used as part of research into headphones and repairability 
for my masters thesis.
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