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Manufacturing Immortality was a three-year 
EPSRC funded research project investigating  
self-healing materials (2018-2021). 

The project was a collaboration between seven universities. Each 
university brought a different specialist expertise to the research to 
create an interdisciplinary research team: chemists, biologists, scientists, 
engineers and designers all working together to explore the feasibility 
of developing, manufacturing and designing with self-healing materials.

• University of Bristol: developing bio-based self-healing mechanisms 
for materials

• University of Exeter: understanding how self-healing fits in a  
Circular Economy

• Heriot-Watt University: using AI and machine learning to make 
research more effective

• Lancaster University: exploring the use of self-healing membranes  
on hydrogen fuel cells

• University of Manchester: exploring the manufacturing science of 
self-healing materials 

• Northumbria University Newcastle: developing self-healing polymers

• Sheffield Hallam University: developing radiation resistant glass

The research team worked closely with industry partners:

Introducing the Manufacturing 
Immortality Project

This case study illustrates the role self-healing materials  
can play as we move to a Circular Economy. 
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Code Red for Humanity

A Planet in Crisis
Since the Industrial Revolution, human 
activity has had a devastating impact on 
the natural world undermining the natural 
resources upon which we rely, such as the 
food we eat, the water we drink, the air  
we breathe and the materials and resources 
we need to make the products we buy.

‘We are eroding the 
very foundations of our 
economies, livelihoods, food 
security, health and quality 
of life worldwide.’
Sir Robert Watson, Chair of the IPBES i.

Climate Change
Due to human activity, climate 
change is widespread, rapid and 
intensifying, with some trends 
(such as sea level rise) now 
irreversible. Extreme weather 
events, such as heatwaves, floods, 
tropical cyclones, droughts and 
wildfires are becoming more 
frequent and intenseii. 

‘It’s code red for 
humanity. The alarm 
bells are deafening, 
and the evidence is 
irrefutable.’
António Guterres, UN 
Secretary General iii.  

Biodiversity Loss
Human activity, such as intensive 
farming and urbanisation, has led to 
catastrophic biodiversity loss with a 
million species at risk of extinction 
globallyiv. 

‘The damage we are 
inflicting on species 
and ecosystems is so 
extensive and profound 
that scientists now 
believe we are 
witnessing Earth’s  
sixth mass extinction 
event – the last one 
marked the end of  
the dinosaurs.’
Sir David Attenborough v. 

Resource Scarcity 
and Security
As the global economy grows, 
the supply of non-renewable 
resources (such as metals and 
minerals) may struggle to keep 
pace with demand threatening 
economic stability. 

‘Dependence on 
scarce natural 
resources exposes  
a company’s tangible 
and intangible value  
to serious risks.’
Accenture vi. ‘
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‘The world will not evolve 
past its current state of 
crisis by using the same 
thinking that created  
the situation.’ 
Albert Einstein vii. 

We need ‘deep-rooted 
shifts in values, norms, 
consumer culture and 
underlying worldviews.’ 
On The Brink, IPCC Emissions Gap 
Report, 2019 viii.

We need to change

Manufacturing Immortality Case Study: Consumer Electronics
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‘The IPCC tells us we have a 
short window to act to avoid 
catastrophic climate change.  
To do so we must move  
from our linear, polluting  
and wasteful economy to a 
Circular Economy, and fast.’ 
Sean Kidney Chief Executive Officer, Climate  
Bonds Initiative ix. 

Business is Changing 
Policymakers, investors and industry are moving away from 
the linear, take-make-waste economic model where value is 
created through ownership of a product. Instead, they are 
embracing the Circular Economy which aims to design out 
waste and pollution, keep products and materials in use,  
and regenerate natural systemsx,  xi,  xii,  xiii, xiv. 

‘One day in the future, in a Circular 
Economy we won’t even have the 
concept of waste! This is how we can 
truly steward the resources of our 
planet, our economy, and humanity.’
Erika Karp Founder and Chief Executive Officer, 
Cornerstone Capital Group xv. 

Circular Design
Design strategies in a Circular Economy move away from 
a ‘cradle to grave’ approach whereby products are used, 
discarded and then often incinerated or dumped in landfill. 
Instead, a ‘cradle to cradle’ or Circular Design ethos is 
employed, whereby the end of life of the product  
is considered at the design stage, so that materials, 
components and products can be kept in use for  
longer and easily reused, repaired, remanufactured or 
disassembled for recycle. 

‘A Circular Economy is key to building 
an economic system that is viable in  
the long run, in which value is created 
and maintained, rather than extracted 
and wasted.’ 
Keith Tuffley Managing Director & Vice Chairman, 
and Global Co-Head of Sustainability & Corporate 
Transitions, Citi xvi. 

The Circular Economy
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Circular Business Models
Circular business models aim to reduce the use of resources 
by redefining how we deliver value and function of products 
to consumers. For example, rather than buying products, 
consumers would rent or access services. This incentivises 
companies to design for durability and repairability, not 
obsolescence. It’s a virtuous circle: circular business models 
encourage circular design.

‘Tomorrow’s economy will only be 
resilient if a new paradigm is promoted, 
that of the Circular Economy, based 
on use rather than possession and 
on more effective and sustainable 
management of resources.’ 
Groupe Renault xvii. 

Restorative and Regenerative 
In a Circular Economy, regenerative practices are embedded 
within agriculture and industry. Regenerative farming closes 
the carbon loop by extracting carbon dioxide from the 
atmosphere and locking it back into the soil or plant material, 
such as hedges or trees. On regenerative farms, biodiversity 
is actively restored. 

These strategies can be applied to industry. Cradle to Cradle 
pioneers, Braungart and McDonough worked with a textile 
manufacturer to produce a fabric whose ingredients not only 
did no harm but had positive qualities. When the material 
went into production and regulators came to check the 
factory’s effluent (the water coming out of the factory), they 
could not identify any pollutants, not even chemicals they 
knew were in the water when it came into the factory: the 
water coming out of the factory was as clean as – or even 
cleaner than – the water going in xviii.  

‘Buildings could become an active part 
of local ecosystems, harvesting carbon 
dioxide from the environment to heal 
themselves. The walls of buildings could 
act as bioreactors, using inputs such 
as light, water, heat, algae, bacteria, 
nutrients and gases to generate a range 
of products such as purified water, 
power, oxygen, recoverable biomass 
and heat.’
The Royal Society xix. 
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A Circular Economy offers companies the opportunity to create value whilst at the same time providing  
social and environmental benefits. 

‘The Circular Economy redefines the 
approach to value creation. Companies 
that shift towards a circular model can 
increase their medium- to long-term 
competitiveness, becoming more appealing 
to financial institutions in terms of funding 
and financial support, while creating a 
positive impact within local communities.’ 
Carlo Messina Chief Executive Officer, Intesa Sanpaolo xx. 

‘The Circular Economy offers a crucial 
combination of economic opportunity  
and enhanced environmental outcomes.’ 
Audrey Choi Chief Sustainability Officer and Chief 
Marketing Officer, Morgan Stanley xxi. 

An Economy for the 21st Century
The Circular Economy is an economic system fit for the 21st Century.  
It enables us to live within planetary boundaries, whilst maintaining living standards. 
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Self-Healing Materials and Product Life Extension
The Manufacturing Immortality project 
focused not only on developing new 
compositions of self-healing materials but 
also investigating their application and 
sustainability implications, so we could 
contribute both towards this technological 
transition and advance their use within 
industry.

Moreover, we believe these materials could play a crucial 
role in a transition to a Circular Economy through extending 
a product’s lifespan (a fundamental principle of the Circular 
Economy xxii), as well as improving safety and reliability xxiii. 

Self-healing materials and coatings can contribute to product 
life extension in the following ways: 

• By helping to maintain aesthetic resilience, so a product 
can retain its value. Consumer appliance manufactures 
and designers were consulted and agreed that self-healing 
surfaces would be highly beneficial for fridges, ovens and 
cookers, as ‘consumers are looking for durable surfaces 
that look premium and are easy  to clean’ xxiv. 

• By helping to restore functionality. Concrete, glass, asphalt 
or polymers with small cracks or defects could repair 
themselves. There are many applications for these types of 
self-healing materials, such as buildings, roads, pavements, 
fuel cells, printed circuit boards and consumer electronics. 
Some self-healing products are already commercially 
available, such as, car and bicycle tyres xxv. 

Some applications could improve both aesthetics and 
functionality, for example, self-healing coatings on metal 
infrastructure like bridges, could help to protect the metal 
and reduce corrosion. Given the worldwide cost of corrosion 
has been estimated to be nearly $300 billion per year, this 
could be an important application xxvi. 

Lastly, self-healing materials also may be particularly  
useful in areas where it is difficult and expensive to repair 
products, such as those deployed within space, at sea  
or within the human body and there may be applications 
within the renewable energy sector, for example, for  
offshore wind turbines. 

Self-Healing Materials in a Circular Economy

Framework for Self-Healing in a Circular Economy xxvii 
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How does self-healing work? 
Self-healing is typically described as either: intrinsic – 
whereby the material itself may have innate properties that 
enable self-healing, with molecular bonds breaking and then 
reforming often requiring an external trigger to self-heal, 
such as heat, light or pressure. Or extrinsic – whereby 
a healing agent may be embedded within the material via 
microcapsules or vascular networks. 

Glass 
Our researchers at Sheffield-Hallam University have 
developed a low-cost radiation resistant glass through 
modifying a commercially available soda-lime-silica glass to 
improve its structural integrity and reduce discolouration 
when exposed to radiation. Our team from Northumbria 
University are exploring coating the glass with a self-healing 
material to improve scratch resistance and further extend  
its product life. 

Key applications for this glass are in environments where 
extreme radiation resistance is crucial, such as, within the 
space and nuclear industries. The glass could also be used 
within the energy sector, for example, in solar panels, or  
in everyday products, such as, glasses, cameras or mobile 
phone screens. 

Polymers 
Usually if the bonds between polymer chains are ruptured, 
they are permanently damaged and the product may need 
to be discarded. Our researchers from Northumbria 
University have developed an intrinsically self-healing 
polyurethane: the intermolecular bonds can be reattached, 
a bit like Velcro. The polymer can be sliced in two and then 
pressed back together to trigger self-healing within a few 
seconds. This healing process can occur many times. Once 
healed, the polymer’s functionality and tensile strength is 
restored, extending the product’s life. 

Our researchers are developing this self-healing material 
so that it can be moulded into different components and 
products. It could have many applications and would be 
particularly useful in areas where products are inaccessible  
or costly to repair. 

Watch our animations on YouTube to find out more: 

Understanding the sustainability benefits  
and uses for self-healing materials and products

Low-cost radiation resistant glass

Using machine learning for self-healing materials

Intrinsically self-healing thermoplastic  
poly-urethane
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As part of the Manufacturing Immortality research project, we gathered insights 
from consumers and industry on how self-healing products could fit within a Circular 
Economy, exploring both the perceived benefits as well as concerns and risks xxviii.

Industry Perspectives 
What are the benefits of self-healing  
materials in a Circular Economy? 
Our research identified three key areas where industry 
experts felt self-healing materials would help them move 
towards a Circular Economy. 

1.  Extending product life span. Industry participants 
explained that ‘minor defects like cracks on glass’ or 
‘scratches due to mechanical damage’ often result in 
premature disposal. Participants felt that if self-healing 
glasses or coatings were to be integrated to particular 
components or surfaces, ‘this could definitely do the  
job of lowering waste rates’. 

2.  Increasing ease of disassembly and reassembly. 
One participant, who refurbishes consumer electronics, 
explained that due to methods used in the assembly of 
screens, separating the different layers for repair often 
results in further damage and value loss. Self-healing 
polymers, adhesives or hydrogels that could be easily 
cut and re-bonded could help alleviate this issue and 
facilitate modular design which enables repair. 

3.  Transition to circular business models. Participants 
felt that self-healing coatings could enable a transition  
to such circular business models, such as ‘servitisation’, 
by keeping products looking in premium condition  
for longer.  

What are the concerns? 
1.  Persistence. Several participants observed that if 

materials have the ability to either re-bond or release 
‘healing agents’ autonomously with no deliberate  
human action, this might present issues at end of life,  
for example, exacerbating problems like persistence  
of plastic litter in our oceans xxix.

2.  Monstrous Hybrids. A founding principle of the 
Circular Economy is the separation of ‘technical’ 
and ‘biological’ nutrients to ensure these can be 
easily recycled and avoid ‘Frankenstein products’ or 
‘monstrous hybrids’ xxx. Participants recommended 
that future researchers exploring bio-hybrid self-
healing materials should consider strategies that allow 
biological components to be easily and safely removed 
or deactivated, for example, in the case of concrete or 
polymers with biological components like bacteria. 

3.  Liability. Participants spoke of the need for a greater 
understanding of the ‘safety and liability [implications]  
of keeping a healed product in service’. 

4.  Limitations. Self-healing has shown to be effective at 
repairing small scale damages such as micro cracks and 
scratches but the healing of larger damages is not yet 
possible in real world situations, as self-healing bulk 
materials have only been lab tested so far. 

Self-Healing and the Circular Economy:  
Consumer and Industry Perspectives

9
Case Study: Consumer ElectronicsManufacturing Immortality



Over 95% of respondents said that 
the environmental credentials of a 
product affected their purchasing 
decision: over 50% said it did most 
or all of the time. Others did not 
seem to find a consumer culture 
problematic: 

‘New replacement products 
are cheap.’

Over 84% of consumers we 
surveyed were interested in self-
healing products, although some 
expressed reservations: 

‘Just not sure what self-
healing means and whether 
this is more tech to add to 
the general tech noise of the 
world’.  

Almost 90% said they would  
be willing to pay more for 
a self-healing product. The 
majority of people were prepared 
to pay 10-30% more for a 
self-healing product. 

95% 84% 90%
Over Over Almost

Consumer Perspectives 
We also surveyed 140 consumers from around the world to gain a greater understanding 
of their attitudes to the Circular Economy and self-healing products.

Consumers demonstrated a mixed response to circular 
business models. 47% said they would be somewhat or 
extremely interested in renting, rather than owning products, 
such as a phone, laptop or furniture. 41% said they were 
not interested or there was ‘absolutely no way’ they would 
consider renting such items. This demonstrates that whilst 
consumers seem open to products with environmental 
credentials, they seem less open to circular business  
models, perhaps reflecting that this move represents  
a larger cultural shift. 

Consumers expressed a range of views about the role of  
self-healing materials in rental models. Some consumers  
were positive about the concept as it would enable products 
to look better for longer:

‘The wear from previous renters would be less 
noticeable and it should feel more new.’

‘I would think it [the product] would be in a better 
condition because it heals itself regularly.’

One participant liked the concept of renting self-healing 
products because it could enable greater continuity: 

‘I hate changing products (new phone, new laptop 
etc), so if renting a self-healing one meant extending 
the life of the product I had (especially significantly),  
I would be in!’

A key factor in the value of self-healing materials within rental 
models was the question of who was liable for damage: 

‘If you are renting a product, I assume it is the 
service provider’s responsibility to fix/ refurbish the 
product so it shouldn’t make a difference to the user 
if it was self-healing? I think a self-healing product 
is much more attractive when it is owned by the 
consumer.’

‘If I was renting a regular product and it got damaged, 
I would assume that I could get it replaced as part of 
the contract so I wouldn’t see the benefit of it being 
self-healing.’

These responses suggest that by enabling the product 
to maintain its appearance and functionality, self-healing 
materials are perceived as more beneficial to the business, 
rather than the consumer.
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Materials, Mobility and the Circular Economy

The future of mobility is electric vehicles (EVs) powered either by rechargeable  
batteries or hydrogen fuel cells, a system in which a reaction between hydrogen  
and oxygen creates electricity on-the-go to power the vehicle, rather than electricity 
being stored in a battery.  

In either scenario, self-healing materials could play an 
important role in extending product life and thereby, 
capturing maximum value from scarce resources. 

The Switch to Electrification
Globally, 17 countries have announced 100% zero-emission 
vehicle targets or the phase-out of internal combustion 
engine vehicles xxxi. In 2019, EV sales in Europe were up 
50% xxxii and in cities across the world, electric bus systems 
are being rolled out – from Helsinki (Finland) to Shenzhen 
(China), from Santiago (Chile) to Kolkata (India) xxxiii. 
Hydrogen fuel cells have the potential to expand transport 
electrification into new areas, such as, military vehicles, trucks 
and aviation. 

 

UK’s Hydrogen Strategy xxxiv

In August 2021, the UK government launched the UK’s  
first ever Hydrogen Strategy with the aim of ensuring that 
20-35% of the UK’s energy consumption is hydrogen-based 
by 2050.

‘Today marks the start of the UK’s 
hydrogen revolution.’ 
Kwasi Kwarteng, Business & Energy Secretary xxxv.  

Self-Healing Fuel Cells
As part of the Manufacturing Immortality project, 
researchers at Lancaster University have been developing 
self-healing materials which can be used to make the 
membranes within hydrogen fuel cells. These membranes 
are very delicate and if they become damaged it impacts 
on the efficiency and lifespan of the fuel cell. Manufacturing 
this membrane from a self-healing material can improve the 
reliability and lifespan of the product.  

Watch our YouTube animation to find out more:

Self-healing membranes for fuel cells

Re-Factory  
Located just outside Paris, Renault’s Re-Factory is the first 
European Circular Economy site dedicated to mobility xxxvi. 
It aims to create mobility solutions with a negative CO2 
balance by 2030 through extending the life of vehicles; 
remanufacturing parts; reusing and recycling materials  
and components; and sharing knowledge around the 
Circular Economy. 
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Battery Charge 
The switch to a green economy will increase demand 
for metals, such as, lithium and cobalt which are needed 
to make EV batteries, as well as batteries to store clean 
energy generated through wind and solar power. However, 
the extraction and production of both these metals is 
concentrated in regions of political instability, so geopolitical 
tensions and nationalistic policies pose a risk of supply 
chain disruption xxxvii, xxxviii. For example, considering the 
uncertainty of the political situation in countries like Bolivia, 
Chile, Argentina, the supply the supply of lithium which is 
rapidly growing demand may not be fully reliable. xxxix 

‘Companies face a rapidly increasing 
challenge, and opportunity, to grow 
their businesses and create value  
amidst volatile and scarce supply  
of natural resources.’ 
Accenture xl.

Circular Economy strategies and the use of self-healing 
materials keep resources cycling in the system for longer, 
offering companies resource sovereignty which can improve 
economic resilience, as well as reduce environmental  
impacts. As ultimately, ‘The circular paradigm offers  
resource independence.’ Ellen MacArthur Foundation xli  
A strategy that some organisations are actively pursuing.

‘At Nike, we believe that in order to 
continue to thrive we cannot wait to 
see what uncertainty brings; instead 
we build our business by decoupling 
our growth from resources that are 
becoming increasingly scarce. This isn’t 
our sustainability strategy, it’s integral 
to our business strategy.’ 
Hannah Jones, Vice-President of Sustainable Business 
and Innovation at Nike xlii.  

Self-Healing EV Batteries
Over their lifespan, batteries degrade and becomes less 
efficient, until they can no longer be used. It is estimated 
that 100-120 GWh of EV batteries will be retired by 2030, 
a volume roughly equivalent to current annual battery 
production xliii. The development of self-healing conductive 
materials is a promising area of research, with the capacity to 
extend EV battery life. Cracks in silicon anodes can be self-
repaired so that their efficiency is restored to between 95 
and 100% xliv. Our research suggests that 65% of consumers 
would be willing to pay 10-30% more if self-healing extended 
the life of an EV battery by 25%. 

 

EV Batteries
An EV battery represents 25%  
of the vehicle’s weight. 
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‘Moving to a circular economy not 
only requires a fundamental rethink of 
products, but also of business models.’
Bill Winters Group Chief Executive,  
Standard Chartered xlv. 

The mobility system of the future will be one in which private 
car ownership does not predominate, but instead ‘Transport 
as a Service’ is the norm. In this circular business model, 
ownership remains with the manufacturer, incentivising the 
design and production of durable, easy-to-repair vehicles. 
Self-healing materials can play a key role by keeping vehicles 
looking and performing at their peak for longer, as well as 
improving reliability and safety. Self-healing paints, tyres xlvi, 
fuel cells xlvii, batteries xlviii, brake pads xlix and circuit boards l 
could all be used to help support this transition. 

‘This [hydrogen fuel cell powered 
electric vehicle] is not a product  
we’re building to sell. This is a  
revenue generating asset that sits  
on our balance sheet. So instead  
of obsolescence, our interest is  
in longevity.’ 
Hugo Spowers, Riversimple li.  

Free-Floating Carsharing Systems
97% of the time, privately owned cars are parked up, sitting 
empty and undriven lii. Free-floating carsharing systems 
eliminate the need for private ownership by enabling access 
to a car via an app. The app enables you to locate a car 
near you and unlock it electronically. Free-floating schemes 
enable you to start and end your journey at any point in the 
city, leaving the car parked on the street ready for the next 
user. Carsharing networks now operate in hundreds of cities 
across the globe and have attracted investment from major 
car manufacturers, such as General Motors, Daimler and 
BMW, as well as, traditional car rental firms, like Enterprise. 

Riversimple Case Study 
Riversimple’s two-seater hydrogen fuel cell powered EV is 
offered on a subscription-only basis. Instead of buying a car, 
consumers engage in a performance contract, making a single 
monthly payment that covers tax, insurance, maintenance 
and fuel. 

Shenzhen Electric Bus System 
Case Study liii

In 2017, Shenzhen in China became the first city in the 
world to electrify its bus system. Employing circular 
business models, bus operators rent e-buses and batteries 
from manufacturers, eliminating the financial risk of upfront 
investment. 

Micromobility 
Shared electric scooters (e-scooters), electric-assist bicycles 
(e-bikes) and electric mopeds are now available in over 600 
cities across more than 50 countries worldwide liv. Rental 
bicycle schemes, such as ‘Boris Bikes’ in London (officially 
Santander Cycles), are also popular: since their inception in 
2010, Boris Bikes have been hired out over 100 million times.  

Mobility Ecosystems
Carsharing and micromobility can be integrated into public 
transport networks to create convenient, flexible and 
sustainable travel options for smart cities. For example,  
in Bremen, Germany, the ‘Mobil.Punkt’ system links bikes, 
buses and carsharing options lv. If EV carsharing systems are 
integrated into rail stations, the regenerative braking of  
high-speed trains can provide clean energy to directly feed 
the recharging of electric cars lvi.

 

Circular Business Models in the Mobility Sector 
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Consumer and Industry 
Perspectives
Industry experts we spoke to recognised the role self-
healing products could play in the transition to circular 
business models. If the ‘servitisation’ of products (such 
as cars, washing machines, fridges or furniture) were to 
become more common place, organisations would be 
keen to maintain the aesthetic resilience of their products: 
‘a self-healing surface that keeps products looking good for 
longer’ would be of great interest. One participant from the 
transportation industry explained that this could be especially 
advantageous for smaller transport products that are rented 
or leased, especially the ‘bicycle frames and scooters grips’, 
as these components have high levels of wear and tear and 
frequently need to be repaired and replaced lvii. 

Our research suggests that consumers also recognise and 
value the role that self-healing materials could play in this 
transition:

‘A rented self-healing product could be guaranteed 
to be in better condition than a regular one. It could 
be potentially cheaper given that it might not require 
much servicing.’

Another respondent suggested that if consumers are 
liable for damage within a rental model, there is an anxiety 
associated with this which self-healing coatings may help  
to alleviate:

‘If I was renting a car that had self-healing paint  
this would make me feel less worried about  
minor damage.’

Will private car ownership 
become a thing of the past?
Integrated Transport as a Service mobility ecosystems have 
the potential to reduce individual car ownership lviii but there 
may still be some way to go as individual ownership has 
become so entrenched in our consumer culture and  
an integral part of defining identity lix. We found that 41%  
of consumers said they would not consider renting items, 
such as phones, laptops, or furniture. This resistance may 
well extend to car ownership as well, although some data 
suggest that the younger generation prefers to rent, rather 
than buy – according to Forbes, ‘millennials prefer the 
‘sharing economy’ services such as hiring cars instead of 
buying them’ lx.

‘Realising this scenario would require 
repositioning the car from today’s 
preferred mode of transport to one of 
many options in the mobility system… 
Consumers must choose to become 
users, which may seem like a small shift 
on paper but is a large shift in reality.’ 
Ellen MacArthur Foundation lxi. 

Battery

Windows

Paint
Tyres
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Case Study: 

Self-Healing Tyres in a  
Circular Mobility Ecosystem

How can we apply Circular Economy principles to tyres? 
Around one billion tyres reach the end of their useful life each year lxii. Reusing  
these materials and embracing circular business models is crucial to reduce  
environmental impacts. 

Recycling and Material Recovery
In 2006, it became illegal to send car tyres to landfill in the 
UK. Instead around 40 million tyres a year are recovered  
and reprocessed into carpet underlay, rubber matting  
or recreational surfaces lxiii. Shredded tyres can also be  
used as a fuel and in the manufacture of cement lxiv. 
However, this reprocessing is not ideal, referred to as 
‘downcycling’ material, design and manufacture value  
through the process lxv.

This issue can be addressed through better end of life 
material recovery processes. Working in partnership with 
Swedish firm, Enviro, Michelin is launching the first tyre 
recycling plant which will enable everything in an end-of-life 
tyre to be recovered for reuse in a variety of rubber-based 
products, such as tyres, conveyor belts and anti-vibration 
products lxvi. Less material value will be lost. 

Another development is the use of synthetic elastomers 
made from wood, straw or sugar beets lxvii. 

Circular Business Models
In 2000, Michelin adopted a circular, Product as a Service 
business model. Michelin Fleet Solutions enables commercial 
vehicle customers to lease tyres, with pay-per-mile rates lxviii. 
Customers don’t own tyres outright, which means they don’t 
need to worry about the maintenance or replacement of  
the tyres. Michelin is therefore incentivized to ensure that 
tyres last longer and materials can be captured at the end  
of product life. 

How does self-healing fit in this business model? 
A self-healing tyre could facilitate the wider adoption of a 
Product as a Service model, as it could enable companies  
to extend product life and keep materials in use for longer. 

Some self-healing tyre products are already commercially 
available. These use a sticky, viscous sealant layer inside the 
tyre which enable a puncture to be repaired autonomously. 
According its website, Continental’s ContiSeal™ product can 
fix 80% of punctures, instantly closing up damage of up to 
5mm in diameter lxix. This enables the driver to continue their 
journey without stopping (although it is recommended that 
the tyre is later checked at a garage). 

A similar technology is used within Slime’s inner tubes for 
use within the tyres of bicycles, wheelbarrows, wheelchairs, 
jogging strollers lxx. 

These are self-healing products but not self-healing materials. 
The technology is quite basic, using a rudimentary extrinsic 
healing method. As material technology improves, there 
may be developments to improve the performance of these 
products and reduce their environmental impact. 
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Measuring Costs and Benefits 
As part of the Manufacturing Immortality project, we 
developed a framework to measure the costs and benefits 
of self-healing products in a Circular Economy lxxi. We built 
on existing models and metrics (such as, the Life Cycle 
Assessment (LCA) lxxii, the Material Circularity Indicator 
(MCI) lxxiii, the Durability Index lxxiv, Cost-Benefit Analysis lxxv) 
and in particular, drew heavily on the TRIZ (Theory  
of Inventive Problem Solving) Ideality framework lxxvi  
(see Figure 1): 

Figure 1. TRIZ Ideality Equation lxxvii 

The advantage of this model is that it explicitly articulates 
the harm that a product or scenario can cause. This forces 
the producer / user to confront harms, rather than viewing 
them as ‘externalities’ for which they have no responsibility. 
Models or systems which lack an explicit articulation of 
harm can facilitate a ‘race to the bottom’ in terms of both 
environmental and humanitarian standards: industry can 
be incentivised to cause harm, whilst others are left to pay 
the price. For example, the transport sector contributes to 
climate change and air pollution. There are costs associated 
with the harms caused by both of these issues: such as,  
8.9 million people killed by air pollution annually lxxviii and  
the financial cost of responding to extreme weather events 
linked to climate change. Businesses within the mobility 
sector are not expected to meet these costs.  

Our model combines the Ideality Framework with a triple 
bottom line (social, environmental and economic impacts) 
as well as assessing user perspectives (see Figure 2). It has 
potential to integrate both quantitative and qualitative 
measures. For example, a quantitative metric may be used 
to measure the extent of self-healing or ‘healing efficiency’ 
(a material or product’s functionality compared with the 
original) and how this may be impacted across a product’s 
lifecycle including multiple damage and healing events lxxix. 
Qualitative measures may be important to assess consumer 
attitudes and more value-based perspectives. 

Our model can be applied to self-healing materials and 
products in order to understand the benefits they may offer, 
but also keep in mind the harm they may cause. It creates a 
rich and holistic picture of the value and impacts a product 
may have. 

Figure 2: Adapted Ideality Framework
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Benefits, Costs and Harms of Self-Healing Smartwatches

Benefits 
(all the 
outputs  
we want)

Environmental 
• Extends product lifespan 

• Enables materials to keep cycling in the 
system for longer

• Slows rate of consumption 

• Protects value of embodied resources 

• Reduces need for sourcing /  
producing new materials which may 
cause environmental harm or use 
energy / other material resources

• Facilitates the transition to circular 
business models, such as, offering 
Transport as a Service or the  
servitisation of a product  
(i.e. the tyre). 

Societal
• The ability to prevent punctures (particularly  

at high speed) could be an important safety  
feature for preventing collisions 

• If deployed on vehicles used in conflict or  
inhospitable zones (for example, for military, 
scientific or humanitarian purposes) it could:

 ■  Increase safety by ensuring vehicles keep moving 
and are not forced to stop in life-threatening 
environments   

 ■  Enable supply chains to remain intact, facilitating  
the delivery of humanitarian aid. 

• For recreational vehicles operating in challenging  
terrain, for example, off-roading:

 ■ Improves safety   

 ■  Improves performance – facilitates fun  
and enjoyment! 

Economic
• Through product life extension (if combined with a 

circular business model, such as, Transport as a Service  
or Product as a Service) this enables companies to 
maximise the value from the tyre without the need  
to invest in new material resources

• This ability to maximise the value from the tyre 
also creates resource independence lxxx or resource 
sovereignty and so improves the resilience of a business

• For transport or product as a service model such as 
car hire or sharing it enables the service to continue 
uninterrupted, potentially improving consumer experience 
of the product or service

• For scenarios such as the delivery of goods it could 
increase the reliability of good arriving on time (although 
at some it is likely that the tyres will need to be checked 
for safety – self-healing tyres, would delay this). May 
be particularly useful to protect economic interests 
of companies operating vehicles in conflict or hostile 
zones, for example, military or humanitarian missions. By 
enabling the vehicle to keep moving, enables completion 
of mission, delivery of goods and helps to protect material 
assets (such as the vehicle itself or goods on board) 

• May help to protect economic interests of recreational 
companies operating in remote or challenging terrain.  
For example, off-roading

User Point of View
• Potential for improved safety, reliability 

and performance are attractive, especially 
in relation to challenging terrain 

• Increase peace of mind if renting  
a vehicle 

• Improves convenience – getting  
a puncture is frustrating,  
annoying and inconvenient.

• In remote zones, such as space, where repair through  
human intervention is not possible may enable the 
continuation of a mission which would otherwise be 
abandoned – protects economic interests of the mission 

• May prevent personal injury claims if collisions  
are averted

• Prevents secondary damage to the rest of the vehicle through 
collision – i.e. helps to protect company assets

• May prevent liability for damage to other vehicles / property 
(i.e. insurance claims) 

• Enables a driver / passenger to arrive at their destination as 
planned – prevents loss of working hours due to puncture 
(repairing the puncture oneself / waiting for RAC to arrive/ 
taking the car to a garage).
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Costs 
(all the 
inputs)

Societal
• Labour used in manufacture 

and transport (as well as other 
business activities, such as, 
marketing and finance). 

Environmental 
• Energy and material resources 

used (i.e. the carbon footprint)  
in manufacture and transport of  
the self-healing tyre (as well as  
other business activities, such  
as, marketing and finance). Economic

• Cost of labour, energy and 
material resources used in 
manufacture and transport (as 
well as other business activities, 
such as, marketing and finance).

Environmental 
• Pollution / waste during the manufacturing phase in the form  

of GHG emissions, other gaseous pollution, toxins released  
from the manufacturing process, material waste

• Pollution / waste during the transport / delivery phase 

• Pollution / waste during use e.g. particles released whilst driving 

• Potential for problems related to persistence and pollution at  
end of product life

• Potential for biological and technical material streams to mix 
creating ‘monstrous hybrids’ lxxxi 

• Potential for recycling and material recovery to be compromised

• Self-healing properties may not be applicable to synthetic 
elastomers made from wood, straw or sugar beets and so may 
discourage the use of a more sustainable material alternative.

• May encourage vehicle use, for example for recreational  
purposes, which may have environmental impacts,  
especially if the vehicles are not environmentally  
friendly (e.g. not EVs or EVs powered by dirty energy).

User Point of View
• Users indicated that they would  

be willing to pay up to 10-30%  
more for a tyre that self-heals, 
however if embedded as part of 
service this should be included  
in the price or warranty

• Potential for reduction in costs as 
reliability of service is improved.

User Point of View
• Environmental and human health 

implications of these products  
need to be addressed.

• Liability issues need to be  
explored in detail.

Harms 
(all the 
outputs 
we don’t 
want)

Economic
• Liability – companies may be exposed to liability 

issues if the healed tyre is not as reliable as the 
original tyre 

• Liability issues may be complicated through 
Transport as a Service models – for example, 
shared use means it may not be clear whether 
the tyre has been damaged between users and 
potentially its functionality or safety impaired. 
However, electronic air pressure monitoring 
systems and life cycle healing efficiency 
metrics lxxxiv may be able to mitigate this risk.

Societal
•  Toxicity of self-healing materials/ products need  

to be considered. For example, Slime lxxxii is  
referred to as ‘non-toxic’ but comes with a 
warning: 

 

• Safety of tyre may be compromised if healed

• In Transport as a Service models, shared use 
means it may not be clear whether the tyre has 
been damaged between users and potentially 
its functionality or safety impaired. However, 
electronic air pressure monitoring systems and 
life cycle healing efficiency metrics lxxxiii may  
be able to mitigate this risk. 
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Conclusions and Recommendations 

• Self-healing materials could play a crucial role in a transition 
to a Circular Economy through extending a product’s 
lifespan, as well as improving safety and reliability.

• Circular Economy principles are becoming embedded 
within policy and legislative frameworks across the globe, 
for example, in the EU lxxxv, the UK lxxxvi and China lxxxvii.

• Large corporates are integrating circular thinking into their 
business: Cisco, Jaguar Landrover, Unilever, IBM, Siemens 
Mobility, Caterpillar, Rolls Royce lxxxviii.

• The European Investment Bank has invested over 2 
billion Euros in Circular Economy projects in the past 
five years lxxxix and there are now a number of public 
equity funds with a Circular Economy focus: BlackRock, 
BNP Paribas, Candriam, Cornerstone Capital Group, 
Credit Suisse (2 funds), DECALIA, Goldman Sachs, NN 
Investment Partners and RobecoSAM xc.

• Our consultations with industry experts identified three 
key benefits of using self-healing materials to transition  
to a Circular Economy:

 ■  Extending product lifespan through maintaining aesthetic 
appeal as well as functionality, thereby reducing waste 
and keeping products, components and materials cycling 
in the system for longer. 

 ■  Increasing ease of disassembly and reassembly and so 
enabling the modular design and easy-to-repair products. 

 ■  Transition to circular business models, such as, 
‘servitisation’ by keeping products looking and 
functioning in premium condition for longer. 

• Industry participants identified four key concerns which 
represent opportunities for future research: 

 ■ Unwanted persistence of materials leading to pollution.

 ■  The creation of ‘monstrous hybrids’ in which ‘technical’ 
and ‘biological’ nutrients cannot easily be separated.

 ■ A greater understanding of safety and liability issues. 

 ■  The limitations of self-healing materials in terms of a  
lack of capacity to heal larger damages. 

• The majority of consumers we surveyed articulated an 
interest in the environmental credentials of products they 
bought and in self-healing materials, although there was  
a mixed response to the concept of circular business 
models, such as, rental rather than ownership. 

• Consumers appreciated the potential benefits of  
self-healing materials within a Circular Economy, for 
example, to maintain its appearance and functionality.

• As we move to the electrification of mobility, self-healing 
materials could play a key role in extending the lifespan  
of hydrogen fuel cells and EV batteries, which would help 
to alleviate pressure on scarce resources and the risk  
of supply chain disruption due to geopolitical tension, 
offering companies resource sovereignty and improving 
economic resilience. 

• Self-healing paints, tyres, fuel cells, batteries, brake pads 
and circuit boards could all be used to help support a 
transition to circular mobility business models (such as, 
offering ‘Transport as a Service’) through keeping vehicles 
looking and functioning at premium levels for longer. 

• Our model to measure the costs and benefits of  
self-healing products in a Circular Economy combines 
the TRIZ Ideality Framework with a triple bottom line. 
When applied to the case study of self-healing tyres, it 
demonstrates multiple benefits (such as, improved safety 
and reliability) as well as costs and potential harms (such as, 
issues of liability and the potential for persistent pollution).
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Self-healing materials are part of a wider group of ‘smart’ or animate materials which  
can change their properties and adapt to their environment xci. 

Scientist are developing autonomous materials which are able to ‘make decisions’ in response to environmental change. The 
diagram below illustrates the continuous development of these products in relation to mobility and the Circular Economy. 

Future Innovations

Self-
Healing 
and 
Animate 
Materials 

Mobility 
System 
Trans-
formation

Present (commercially  
available now)
• Battery and hydrogen fuel cell cars 

commercially available but only  
make up a small percentage of  
global sales and vehicles on the road

• EV infrastructure is lacking in 
many areas and recharging times 
problematic

• Prototype electric aeroplanes. 

2030 (currently in  
development)
• Sale of diesel and petrol cars banned 

in the UK, Germany and India

• EV cars and HGVs becoming more 
widespread

• Short haul electric aviation 
commercially available. 

Present (commercially  
available now) 
• Self-healing products commercially 

available within the mobility sector, such 
as, paint (Nissan’s Scratch Shield xcii) 
and tyres (Continental’s ContiSeal™ xciii 
and Slime’s inner tubes xciv)

• Self-healing gas tanks. 

2050 (potentially  
possible in the future…) 
• Circular design enables 

very low levels of waste as 
materials, components and 
products are kept cycling in 
the system for longer

• Regenerative cars release 
positive emissions and 
generate other nutritious 
effects on the environment xcv.

Circular 
Business 
Models

2050 (potentially  
possible in the future…)
• Fully integrated EV mobility 

ecosystems with private car 
ownership obsolete and ‘Transport 
as a Service’ the norm

• Use of diesel and petrol obsolete, 
even within aviation which is now 
electric and powered by hydrogen 

• For example, Airbus ZEROe, 
powered by hydrogen, now fully 
commercially operational.

Present (commercially  
available now)
• Carsharing and micromobility options 

becoming increasingly popular in cities 

• Servitisation models employed in some 
areas, such as, e-buses in China and 
Michelin’s Fleet Solutions for tyres

• Pioneer companies such as Riversimple 
developing servitisation models for 
private cars.

2030 (currently  
in development)
• ‘Transport as a Service’ widely 

available in countries worldwide, 
including reaching into rural 
economies

• Servitisation models increasingly 
employed within the mobility sector, 
transforming attitudes to private  
car ownership and reaching right 
down the supply chain.

2030 (currently  
in development)
• Self-healing materials widely 

available within the mobility sector 
across a range of applications, such 
as, tyres, fuel cells and batteries, 
extending product life, improving 
safety and enabling transition to 
circular business models.
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