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a b s t r a c t 

Requirements for safety, reliability and extended life-time has led to the development of new, self-healing 

materials. In contrast to the literature where “self-healing” is described as a material property, this paper 

proposes a new approach which deliberates the context of the product and it’s restoration of function. 

Besides providing clarity on “self-healing” products, which is essential for product design or life cycle 

assessment (LCA), technology readiness level or maturity in transition towards true or autonomous self- 

healing is also explored, an evaluation that is necessary for enabling healed products to be accepted and 

certified in applications. 

© 2020 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license. 
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(

. Introduction 

Self-healing products have the ability to autonomously sense

nd repair damage ( Aïssa et al., 2012 ). Such product capability is

f great interest and impact since it is expected to extend prod-

ct lifetime, provide the basis for long-term reliability ( Bekas et

l., 2016 ) avoid or reduce the costs of repair and improve safety

 Aïssa et al., 2012 ; Herbert and Li, 2013 ; Guadagno et al., 2014 ). Re-

earchers have found inspiration for self-healing in biological sys-

ems that exploit healing to increase longevity and to adapt to

hanges in the environment ( Aïssa et al., 2012 ; Bekas et al., 2016 ;

laiszik et al., 2010; Hager et al., 2010; Diesendruck et al., 2015 ).

undamentally intrinsic self-healing in non-biological systems can

e based on the reversible breaking and reforming of bonds in

 matrix or material. Extrinsic self-healing can be accomplished

hrough the introduction of a second material which is a healing

gent into the matrix. This can be achieved in the form of mi-

rocapsules or vascular systems, which is particularly important

or enabling self-healing capability of composite material struc-

ures. A number of different types of materials have been devel-

ped to self-heal, such as concrete ( Herbert and Li, 2013 ; Wang et

l., 2012 ; Lv et al., 2016 ), glasses ( Coillot et al., 2010 ; Zhang et al.,

018 ), polymers ( Mauldin and Kessler, 2010; Kim et al., 2017; Xia
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t al., 2017 ) and composites ( Diesendruck et al., 2015 ; Mauldin and

essler, 2010 ; Cohades et al., 2018 ; Wang et al., 2013 ). 

omenclature 

ηh healing efficiency 

F product functionality 

f ( H ) healing function 

H c critical healing cycle 

L H life cycle healing efficiency 

Self-healing is commonly defined as the capability of a mate-

ial to heal damage; typically in the forms of cracks and holes, au-

omatically and without external intervention ( Aïssa et al., 2012 ;

iesendruck et al., 2015 ). While such a definition is well suited

o describe self-healing at a material level, assessing self-healing

t product level for product qualification in potential applications,

nd to guide design, manufacture, service and life termination re-

uires the concept of self-healing to be extended. This understand-

ng and common approach is required and will help inform life cy-

le assessment (LCA). 

Firstly, a common feature of existing research is the focus that

elf-healing is described as a material property. This is then typi-

ally quantified by the restoration of a particular property or prop-

rties (e.g. mechanical, thermal, electrical, radiation etc.) during

ach healing cycle. While this information is crucial for material

esearch, restoration of particular mechanical properties offers lim-

ted information about the implications of self-healing at a prod-

ct level, due to the varying uses for which self-healing materi-
under the CC BY-NC-ND license. 
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Fig. 1. Vision and maturity index for self-healing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Potential positioning of self-healing product in business models. 
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als could be employed. For example, a self-healing polymer could

be used as both a load bearing element, as well as a protective

layer, both of which have a distinct function within the product.

For this reason, the metrics used to assess self-healing efficiency

of the polymer material cannot be used to assess the self-healing

of the product due to the differences in function. 

Secondly, whether self-healing is autonomous, i.e. “true” or

non-autonomous i.e. “assisted” depends on the environment where

the material is being tested. For example, some polymers only

exhibit self-healing properties in a certain temperature range

( Blaiszik et al., 2010 ; Diesendruck et al., 2015 ), while others in

aquatic environment ( Kim et al., 2017 ; Xia et al., 2017 ). Conse-

quently, the operating environment of a product utilising self-

healing materials can directly influence the products self-healing

ability. 

2. Self-healing on a product level 

2.1. A new framework and vision for self-healing products 

In order to progress from the material to the product centric fo-

cus of self-healing and to overcome the apparent ambiguity in the

scope of self-healing, this paper presents a new characterisation

that could be employed in developing self-healing products. Self-

healing is defined as a product’s capability to restore/maintain aspects

of its function or user acceptance within its operating environment.

Restoration of function can be either autonomous or assisted and can

occur in one or multiple healing cycles. 

The difference between self-healing products and materials

therefore can be made on the basis of whether self-healing can re-

store functionality in service. For this reason self-healing products

in this context refer to products that utilise self-healing materials.

Consequently, unlike the metrics used to describe self-healing ma-

terials, this approach enables products utilising self-healing mate-

rials to be assessed. 

S elf-healing at a product level can also be expressed in terms

of performance and technology progression, and be presented as

(a) different technological advances or maturity index, (b) robust-

ness of healing product in service and (c) the resource footprint

required for self-healing. For the maturity index we define an in-

dex from the lowest to the highest maturity as Level 1 – En-

hanced durability, Level 2 – Assisted self-healing, Level 3 – Semi-

autonomous healing and, Level 4 – Fully autonomous healing. This

vision and framework for self-healing products is shown in Fig. 1

in terms of a Healing Capability Readiness Level (HCRL) scale 1 to

4. As technology moves up on the HCRL, i.e. the maturity scale,

the performance and robustness of the product within its operat-

ing environment significantly increases. The goal is therefore to in-

crease HCRL while minimising resource requirements. 
• Level 1 – enhanced durability – represents the lowest level on

the technology maturity index where the product’s durability

is enhanced by treating one or more of its components. As a

result, increase in the product’s lifespan, reliability and safety

are introduced in material selection, design and or manufac-

ture, before the use phase. Enhanced durability is not respon-

sive to the environment and therefore no energy flow or trigger

is required in the use phase. An example for enhanced dura-

bility is the irradiation of certain metals to increase radiation

resistance ( Heng et al., 2015 ; Chen et al., 2015 ). 

• Level 2: assisted healing – the product’s healing process is trig-

gered by intentional external stimuli, for example the applica-

tion of heat, radiation or pressure. The healing therefore oc-

curs during the use phase but needs to be assisted by mate-

rial/energy flow during healing. 

• Level 3 – semi-autonomous healing – the healing process is acti-

vated by the environment in which the product operates; how-

ever the trigger is not the damage itself. An example of this

would be a product utilising a polymer which self-heals cracks

above a certain temperature (e.g. during daytime in summer).

Healing again occurs during the use phase and may result in

material/energy flow. 

• Level 4 – fully autonomous healing – in fully autonomous heal-

ing, the trigger for the healing mechanism is the damage itself

and therefore no external intervention is required. Healing oc-

curs spontaneously during the use phase driven by the damag-

ing material and its energy flow. This minimises or eliminates

the need to apply energy externally for the trigger. This is in-

dicated in Fig. 1 , where resource/energy footprint for level 4 is

the lowest. An example for this is a fuel tank which automati-

cally seals after puncture, with the healing triggered by the en-

ergy of the collision. 

For self-healed products, certification or guarantees are a vital

nd important factor to consider which can also be linked to the

evelopment of appropriate business models as illustrated in Fig. 2 .

he formulation of these business models is an area that requires

urther research. Companies would want to reap the benefits

r bonuses from applying these technologies themselves, plus it

ould also mitigate issues to do with liability. As shown in Fig. 2 ,

t is hypothesised that fully and semi-automatous healing products

ould be operated under business models that are differentiated

rom increased durability or assisted healing products business. 

When applied on a product and service proposition, self-healing

an be a Unique Selling Point (USP), and a value proposition. Fig.

 shows the need to evolve or define new or more appropriate

usiness models for their self-healing maturity scale. 
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Fig. 3. Use phase in self-healing in product life cycle and healing cycles – H 1 means 

fist healing cycle. 
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Fig. 4. The change in product function and healing efficiency over the use phase in 

the self-healing product life cycle. 

Fig. 5. The change in product function and healing efficiency over the use phase in 

the self-healing product life cycle. 
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.2. Self-healing products in life cycle engineering 

In order to evaluate the life cycle impact of self-healed prod-

cts it is necessary to define the functional unit and the restoration

f the product function through self-healing. This requires under-

tanding and modelling of healing efficiency not only in a single

ut multiple healing cycles. 

When considering the impact of self-healing products during

se phase, potential interaction between their operating environ-

ents during the healing process have to be taken into consider-

tion. Such interaction can be in the form of energy or material

xchange which is used to facilitate the healing process, especially

n the case of semi-autonomous and assisted healing. The energy

nput for self-healing is dependent on the mechanism of healing

nd this energy flow has to be taken into account in life cycle as-

essment. This is illustrated in Fig. 3 . Future research on developing

atasets for energy requirements for different healing mechanisms

ill help provide vital input to LCA assessment. 

Self-healing, assisted or autonomous, typically achieve a cer-

ain degree or percentage in the recovery of the product’s function

hich is captured by the healing efficiency. The healing efficiency

s defined according to Eq. (1) . 

h = F after /F befo re (1) 

here ηh is the healing efficiency, F before functionality of the prod-

ct before damage and F after after healing. An example for this

ould be a self-healing speaker membrane, which after healing

ome damage, e.g. puncture, would partially restore its function of

hanging electronic signals to sound waves, and however due to

mperfect healing the sound quality would be lower. 

It is important to point out that healing efficiency does not nec-

ssarily remain constant throughout multiple healing cycles. For

xample, in materials containing microcapsules of healing agent,

he healing capability gradually declines as more and more of the

mbedded healing material is used up. In other materials, the heal-

ng effect may result in a change in the mechanical properties

eading to an incomplete damage recovery, and even lower recov-

ry in multiple healing cycles. As a result, subsequent healing cy-

les of a single product may result in a different degree of recovery

n functionality, governed by the mechanism of self-healing within

he product. Thus, the change in the products healing efficiency

hrough subsequent healing cycles can be expressed by Eq. (2) . 

f ( H ) = η ( H ) (2) 
h 
here f ( H ) is the healing function, i.e. the change in healing effi-

iency throughout multiple healing cycles, see Fig. 4 . Following on

rom our previous example of the speaker, this could mean that

nitially, due to the change in the speakers’ finely-tuned geometry,

ealing would only result in a relatively low recovery in function-

lity, however subsequent healing cycles would only have a much

ower effect. 

In order to be able to capture this change in function recov-

ry and to be able to compare products with different number of

ealing cycles and healing efficiencies i.e. different healing func-

ions, life cycle healing efficiency L H is introduced for the first time

n this paper. In the case of a self-healing product the life cycle

ealing efficiency can be expressed as the ratio between the area

ounded by the healing function f ( H ) and the area bounded by

f (H) = 1 , ideal case where the healing efficiency ( ηh ) remains con-

tant throughout all healing cycles, see Eq. (3) . 

 H = 

∫ Hc 
0 f ( H ) dH 

H c 
(3) 

here L H is life cycle healing efficiency of a self-healing product

nd takes values between 0 and 1. 

The lower L H the quicker the functionality of the product di-

inishes during subsequent healing cycles. Life cycle healing ef-

ciency L H therefore expresses how much functionality is main-

ained throughout the products life until it reaches the critical

ealing cycle at which point it loses functionality. In the example

hown in Fig. 4 , two products with the same number of healing

ycles exhibit different healing functions. 

Using the definition of life cycle healing ( Eq. (3 )), the L H of

roduct “b” ( L H b ) is higher indicating that more functionality is

aintained during the product’s use phase and healing cycles. In

rder to further illustrate life cycle healing efficiency L H , Fig. 5

hows the healing functions of two products with different number

f healing cycles. In this case both products have a linear healing
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function and their life cycle healing efficiency L H is the same de-

spite having different number of healing cycles. 

Since L H expresses the efficiency of total healing cycles, it is in-

dependent of H c and therefore it can be a useful tool to compare

products healing capabilities. 

According to BS EN ISO 14040:2006: Environmental manage-

ment, Life cycle assessment—Principles and framework, in life cycle

assessment ( International Organization for Standardization, 2006 ),

the functional unit is defined as “quantified performance of a prod-

uct system for use as a reference unit”. Based on this inference,

the healing cycles in a self-healing product do not affect the func-

tional unit itself but its quantity and the inventory. It is important

to determine the reference flow in each product system, in order to

fulfil the intended function i.e. the amount of products needed to

fulfil the function. This means for self-healing products it is impor-

tant to additionally define the energy and materials needed to trig-

ger the self- healing as well as how this varies with healing cycle

and over the service life of the product. Understanding and mod-

elling the healing efficiency over multiple healing cycles is criti-

cal and needed in order to inform design and resource flows for a

functional unit LCA. Researchers need not only develop novel self-

healing products, they need to characterise their performance over

the multiple healing cycles and to document the resource flows

associated with such systems. These are key aspects of the tech-

nology that need to be characterised for exemplar applications. 

3. Conclusions 

Self-healing of products can be of tremendous importance and

impact in particular in applications that are safety critical or ex-

pensive to deploy repair technologies. Self-healing is linked to

product function and acceptability and therefore the context of

self-healing is determined by application. A new framework for

self-healing has been developed as a self-healing maturity in-

dex from 1. Increased durability, 2. Assisted healing, 3. Semi-

autonomous healing and 4. Autonomous healing. This index re-

flects the robustness of healing systems. For future research it is

also identified in this paper that business and ownership models

need to be co-created with stakeholders for semi and autonomous

healing products. The four classifications and maturity levels intro-

duced in this paper is intended to more comprehensively describe

the current state of self-healing technologies for products as well

as to demonstrate vision, overall evolution and technological devel-

opment of self-healing. For future research, and to support design,

service and life cycle assessment, the energy and resource require-

ments for healing, evolution of healing efficiency and properties

with healing cycles needs to be modelled and optimised. 
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