
The life cycle of plastics and other materials used for engineering 
begins with the extraction of raw materials, followed by the syn-
thesis and processing of the polymer building blocks, which are 

manufactured into a product that has a particular use or function. The 
product is eventually degraded or damaged during use, and is ultimately 
disposed of or recycled1,2. Polymers and polymer-based composites are 
designed and manufactured to be as robust as possible for a given appli-
cation, but failure is eventually inevitable. In the case of high-volume 
and simple, low-cost products, such as the ubiquitous plastic bag, the 
materials will ideally be recycled after use. But in many instances, the 
life cycle of polymeric materials could be expanded by programming 
them with biologically inspired, autonomous functions to protect them 
from, and to limit, damage, or even to reverse damage and regenerate 
in response to environmental stress. The attraction of this approach is 
not only waste reduction, but also the ability to create products with 
increased safety and superior reliability — a particularly appealing fea-
ture for applications such as medical implants, undersea pipelines or 
structures in space, where damage is difficult to detect, and repair is 
costly or even impossible.

Research that encompasses chemistry, polymer science, processing 
and engineering has delivered polymeric materials that have remark-
able self-healing, sensing and reporting properties. In this Review we 
sketch our vision of how such functions could extend the life cycle of 
functional polymeric materials, and outline the basic performance cri-
teria and material-design principles that should guide the development 
of practically useful systems. We then examine in more detail the differ-
ent biologically inspired functions that have been realized, and explore 
how they can endow materials and devices with improved performance. 
Finally, we discuss the problems that need to be overcome for this class 
of polymeric materials to fulfil its promise and find commercial uses. 

Polymers with autonomous functions
Nature provides many inspiring examples of materials that perform 
well in difficult environments, and that can self-heal to regain function 
when they are damaged. Figure 1 shows the autonomous functions that 
would enable a polymeric system to similarly maintain and recover 
its performance throughout its functional life: self-protection guards 
against potentially damaging environmental factors, such as mechani-
cal stress, chemical corrosion or extreme temperatures; self-reporting 
capabilities ensure that loss of performance caused by a detrimental 
event is registered, communicated and ideally initiates action to recover 

performance; and when a system has been damaged, self-healing 
recovers the performance and thereby promotes longevity. However, 
every polymeric material will inevitably reach an irrecoverable state 
where self-healing is no longer viable. If such a state is reached because 
of damage that has physically displaced mass (such as chips, punctures 
or impacts), it is in principle possible to restore performance by regen-
erating the lost material. When this is not an option, a desirable final 
life-cycle step is controlled degradation — achieved by adjusting the rate 
of degradation or by actively triggering it — to enable active manage-
ment of the end-of-life removal of the material. For medical implants, 
this is known as transience3 and ensures that devices function over the 
required time frame before being resorbed by the body. In other con-
sumer products, controlled degradation can help to recycle material 
building blocks for use in regeneration or manufacture. 

The design of autonomous polymers for life-cycle control is a complex 
interplay of both intrinsic and extrinsic factors that correlate with the 
length scale of the damage suffered by a material. The damage length 
scale (see Fig. 2) is extrinsically influenced by the type of damage event 
(ballistic impact or fatigue loading), and intrinsically by the inherent 
nature of the material (the failure and extent of damage of a soft rubber 
will differ from that of a stiff and brittle polymer). The damage length 
scale also affects the response function that can be used for repair. For 
example, dealing with damage that has resulted in the physical removal 
of mass requires the transport of new material to the damage site for 
regeneration. This can be achieved by capillary flow on the micrometre 
scale, but is not practical on the macro scale. 

The design of autonomous polymers must also be framed by the 
property or function that is to be restored. The specifications will be 
quite different if the target function is mechanical load-carrying capa-
bility as opposed to electrical conductivity, for example. Irrespective 
of function and performance requirements, attempts to put polymers 
with autonomous functions to practical use also face the considerable 
challenge of having to do so with a simple, scalable and cost-effective 
design that meets increasingly stringent regulations.

Figure 2 depicts the three primary approaches to imparting polymers 
with autonomous function, and gives an indication of the length scales 
on which they operate. Damage caused by bond scission can be repaired 
by reversible chemical interactions if the fracture interfaces remain in 
intimate contact. Success requires rapid bond reorganization at the 
molecular level, and this can be achieved with supramolecular interac-
tions such as ion pairing. The changes that bring about restoration in 
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this case take place internally and require molecular engineering of the 
polymer to equip it with the intrinsic characteristics of reconfigurable 
or dynamic bonds. When the damage grows to the microscale, heal-
ing by dynamic bonding is usually no longer viable, and an extrinsic 
source of repair agents is needed. In such instances, two basic strategies 
are available: the incorporation in the polymeric material of mesoscale 
additives (such as microcapsules or fibres) with a functional fluid pay-
load that is discharged and initiates healing once damage occurs; or the 
incorporation of a larger-scale, vascular fluid-delivery network. Healing 
is initiated either when repair agents are mixed, or when a repair agent 
interacts with an additional component present in the matrix (such as 
a catalyst). Both of these trigger chemical reactions that transform the 
fluid into a structural adhesive that bonds the microcrack interfaces 
together. In cases where damage has resulted in the physical displace-
ment of mass (for example, puncture), and a substantial volume of repair 
agents is needed, healing is only feasible using delivery from a vascular 
network.

The three approaches to autonomous polymers sketched in Fig. 2 
address the spectrum of damage from ångström-scale bond scission 
to microcracking and millimetre-scale puncture damage. They have 
enabled the development of systems that exhibit self-protection, self-
reporting, self-healing, regeneration and controlled degradation (see 
Fig. 1), mainly in proof-of-principle demonstrations, although some 
are nearing commercialization.

Self-protection
The best way of ensuring the longevity of materials and systems is to 
prevent damage before it occurs, and coatings have long been used for 
that purpose. Coatings passively protect substrates against mechanical 
and chemical degradation by forming a physical barrier that increases 
resistance to corrosion or wear. Augmenting this passive protection with 
self-repairing capabilities improves the overall performance of coatings4 
(Fig. 3a). This additional protection is typically achieved by incorporat-
ing mesoscale additives that deliver active payloads consisting of corro-
sion inhibitors5 or compounds that react with water to form a physical6 
or hydrophobic7 protective barrier (Fig. 3b) in response to surface 
cracking, ablation or corrosion8–10. Purely inorganic sol–gel coatings, for 
example, have been shown to achieve enhanced corrosion protection of 
an aluminium alloy11 by incorporating mesoporous silica nanoparticles 
loaded with a corrosion inhibitor. Protection strategies that aim to create 
repellent surface layers rely on tailored surface chemistry. Although it is 
a departure from our theme of polymers with autonomous functions, 
another approach to creating self-protecting functional surfaces relies 
on liquid-repellent surfaces comprising porous substrates infused with 
a lubricating liquid. The porous substrate locks the lubricant in place, 
giving a smooth, defect-free and stable liquid surface that can be tailored 
to repel a wide range of different liquids and that readily self-repairs 
after mechanical damage12,13.

As well as mechanical damage and corrosion, materials and devices 
also frequently face the threat of thermal degradation. Consider, for 
example, lightweight, fibre-reinforced, thermoset polymer composites, 
which are inherently resistant to many forms of environmental deterio-
ration (such as corrosion). They are increasingly replacing traditional 
structural materials in advanced engineering applications, but their 
mechanical performance rapidly diminishes at temperatures near the 
glass transition temperature of the polymer matrix (typically at or below 
200 °C). At temperatures above the glass transition, the matrix can no 
longer carry structural loads. The development of matrix materials with 
enhanced thermal stability is one potential solution for expanding the 
scope of polymer fibre composites. 

Alternatively, circulating fluids through vascular networks embedded 
within the composite, which occupy a small fraction of the overall mate-
rial volume14,15, can protect against thermal degradation while retaining 
structural performance16–18 — an approach well known in the aero-
space industry and long used to cool high-performance ceramic turbine 
blades19. Indeed, a recent study20 showed that an actively cooled vascular 
polymer matrix composite, with a matrix glass transition temperature of 
150 °C and a channel volume comprising only a few per cent, retains its 
flexural stiffness upon continuous exposure to 325 °C. When endowed 
with such active cooling functionality, it should in principle be possible 
to use conventional thermoset, polymer matrix composites in appli-
cations subject to high thermomechanical loading, such as aerospace 
structures, microelectronics packaging, or battery packaging for electric 
vehicles. Putting self-cooling materials to practical use, however, will 
require efficient and inexpensive means of manufacture, and innovative 
approaches for accommodating the coolant and pumping equipment 
they require.

Self-protection implemented at the device level is exemplified by 
high-energy-density lithium-ion batteries that manage thermal runa-
way, which poses a significant safety hazard after batteries have been 
damaged or discharged too quickly. One strategy is to incorporate 
thermally responsive polymer microspheres that melt above a critical 
temperature and disrupt conduction pathways within the battery to irre-
versibly shut down the cell21. Reversible shutdown, in which normal bat-
tery operation is restored once the thermal perturbation is removed, can 
be achieved using conductive particles within a temperature-responsive 
polymer binder22. Thermal degradation, however, is not the only opera-
tional challenge for high-energy-density batteries. Mechanical damage 
resulting from dramatic volumetric expansion and contraction in next-
generation silicon electrodes leads to rapid capacity fade and diminished 
cyclability. This problem can be mitigated by using silicon particles in 
combination with a flexible polymer binder that accommodates large 
volume change through reversible hydrogen bonding, significantly 
improving the cell’s lifetime and retention of capacity23.

The examples so far illustrate protection of functional performance 
at a system or device level, but molecular-scale protection can also 

Figure 1 | The life cycle of polymers with 
autonomous healing functions.  Self-protection 
maintains the structural integrity of a material 
and minimizes environmental degradation. Self-
reporting communicates a loss of performance 
induced by damage or degradation. Self-healing 
enables recovery from damage. Controlled 
degradation brings about the disintegration of a 
material after irrecoverable damage has occurred 
or after a predetermined time in operation. 
Regeneration effectively restarts the polymer life 
cycle by rebuilding the material.
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be achieved by using mechanochemically active polymers24. These 
materials incorporate force-sensitive molecules, known as mechano-
phores, that directly harness mechanical energy to promote productive 
chemical transformations25. Mechanical stress usually breaks covalent 
bonds, and thereby degrades a material’s properties and performance, 
but mechanophores give materials the ability to survive otherwise 
degrading conditions. This ability could be useful when operating 
conditions are unpredictable and the use of alternative materials with 
overengineered properties would be wasteful and inefficient. A recent 
example of mechanochemical self-protection used polymers containing 
dibromocyclopropane mechanophores, which transform under shear 
stress into reactive functional groups that can be crosslinked in situ to 
bring about autonomic strengthening26 and enhance stiffness. Mecha-
nophores with a wide range of chemical functionalities are becoming 
available27,28. Noteworthy in this context is the mechanical activation 
of catalysts29, which makes it possible to initiate a variety of protective 
chemistries (such as polymerization or crosslinking reactions) while 
also achieving chemical amplification. However, these materials are dif-
ficult to synthesize and are expensive, which could limit their practical 
application, but there may be opportunities, particularly when coupling 
mechanochemically active polymers with mesoscale additives to gen-
erate materials with hierarchical function. For example, polymers that 
produce acid in response to mechanical stress30 could be combined with 
a pH-responsive delivery vehicle to give a system that will release its 
payload under mechanical force. 

Self-reporting
Many systems and devices benefit from the ability to autonomously 
signal the occurrence of stress or damage (Fig. 3c). A powerful strategy 
for creating such a warning system uses mechanophores to monitor 
molecular force and convey visual information about the condition 
and mechanical history of a polymer. As with the mechanophores that 
bring about molecular self-protection, the mechanical forces that lead 
to damage induce a chemical transformation in the mechanophore, but 

to enable self-reporting, this chemical transformation should be accom-
panied by changes in optical properties. For example, the mechanically 
activated ring-opening reaction of spiropyran31 in bulk polymeric mate-
rials results in changes in both the visible colour (from yellow to red) 
and fluorescence. In many cases, mechanochemical transformations are 
achieved at the expense of permanent plastic deformation of the mate-
rial, which exemplifies the difficulty of achieving efficient transduction 
of mechanical energy to a specific mechanophore molecule. Integrating 
a spiropyran mechanophore into a silicone elastomer32, in contrast, pro-
vides a visually discernible indication of stress or strain in combination 
with complete shape recovery (Fig. 3d). Three-dimensional (3D) print-
ing of mechanochromic polymers is also possible, and has been used 
to produce a prototype force sensor that can be used to evaluate loads 
simply by observation of the mechanically induced colour change33. 
These examples all require a light source for visualization, but mechano-
phores such as bis(adamantyl)-1,2-dioxetane can also use mechanical 
energy to generate light that is visualized directly34. An earlier approach 
to molecular strain sensors used dye aggregates in polymer blends, in 
which macroscopic deformation affects the aggregation and thereby 
produces changes in the photoluminescence emission colour35.

Self-reporting of mechanical damage is also possible using mesoscale 
additives and vascular networks36 that, when ruptured, release indica-
tors for visual detection through a change in colour or fluorescence37. 
Most systems rely on a chemical reaction between an indicator molecule 
and a secondary reagent or catalyst incorporated into the polymeric 
material, or through the use of dual-capsule systems containing the two 
reactive precursors38. For example, a visual colour change is generated in 
regions of mechanical damage using microcapsules containing a colour-
less conjugated cyclic monomer that when released and allowed to react 
with an embedded catalyst transforms into a deeply coloured polymer39. 
Microcapsules containing a pH-sensitive dye40 that reacts with residual 
amine groups in an epoxy polymer matrix have led to particularly robust 
and clear visual indications of damage even on the micrometre scale, 
but this approach shares the limitation of other systems of requiring 

Figure 2 | Multiscale strategies for autonomous repair functions in 
polymeric materials.  Three primary strategies enable autonomous repair 
functions in polymeric materials. They are exemplified here by self-healing 
over a range of damage length scales. a, At the smallest scale (ångströms), 
molecular engineering brings about the repair of damage by dynamic or 
reversible bonding of fractured interfaces that are in intimate contact. Bond 
scission occurs (left) followed by dynamic rebonding (middle), and the 
fracture is mended (right). b, Mesoscale additives that are dispersed in a 

polymeric material can store and release healing agents to recover damage 
at the microscale (<100 µm). A microcrack occurs (left), the microcapsules 
release a healing agent (middle) that polymerizes on contact with an 
embedded catalyst, and the crack is healed (right). c, Vascular networks 
capable of fluid circulation and repeated delivery of healing agents can repair 
material from the micrometre to the millimetre scale. Delamination occurs 
(left), the ruptured vascular network releases reactive, liquid healing agents 
(middle), and the delamination is repaired (right).
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specific chemical interactions. This highlights the need for more general 
visualization strategies that are applicable to a wider range of materials, 
irrespective of chemical composition. With this objective in mind, a 
recently developed approach uses microcapsules containing molecules 
that exhibit aggregation-induced emission, which become fluores-
cent after rupture and release by a physical change of state41. Another 
example of a general, autonomous approach for damage detection is 
the entropy-driven migration of fluorescent nanoparticles to cracks in 
layered composite structures42. Compared with mechanophore acti-
vation, which typically requires large and often irreversible polymer 
deformation, microcapsules produce a more permanent response with 
enhanced sensitivity to microscale damage.

Self-healing
An ideal self-healing polymer system would repair any damage it suffers 
in a site-specific and fully autonomous fashion to regain functional per-
formance. Of the three approaches outlined in Fig. 2, self-healing based 
on molecular engineering of the polymer comes closest to this ideal 
because repair can occur wherever it is needed without the use of addi-
tives43,44. However, many early examples of this sort required external 
energy input to drive the reorganization of bonds and polymer chains 
necessary for the repair process. One such system comprising a cova-
lently crosslinked thermoset polymer based on Diels–Alder chemistry is 
shown in Fig. 4a,b. The thermally reversible nature of the covalent bonds 
in this system enables dynamic exchange when heated to mend cracks45. 
Such thermal re-mending has also been accomplished with thermo-
plastic phases that are incorporated into a crosslinked polymer matrix 
to enable repair of cracks through local entanglement when heated46. 
Vitrimers47 are a similar class of polymer that become malleable and 
mendable at high temperatures but retain their covalently crosslinked 
network throughout48, so the system’s viscosity changes gradually, allow-
ing local mending and reshaping. Light has also been used to induce 
the mobility49 needed for healing, and to allow localized heating and 

self-healing in metallo-supramolecular polymers50. When embed-
ding super-paramagnetic nanoparticles, even an oscillating magnetic 
field can induce amorphous flow and re-mending in a thermoplastic  
polymer51 by means of the rapidly vibrating particles.

But for self-healing to be fully autonomous, it needs to proceed 
without the input of external energy. The molecular-engineering 
approach using dynamic bonding accomplishes this relatively readily in 
soft, rubbery polymers or gels. A striking example, based on hydrogen-
bonding interactions between small molecules, is a highly extensible 
rubber that is capable of autonomously, repeatedly and fully healing 
fractured surfaces at room temperature52. Similar design principles have 
also produced self-healing thermoplastic elastomers53 with a mechanical 
performance approaching that of conventional, structural polymeric 
materials. The interaction of charged ionic species is an alternative 
bonding motif that can yield self-repairing rubbers54 and hydrogels. 
When implemented using polymer-modified clay nanosheets and a 
dendritic binder55, the resulting hydrogels retain their shape and com-
pletely recover their mechanical integrity after cleavage and reassembly. 
Although such supramolecular interactions are an obvious bonding 
platform, dynamic covalent chemistry has also been used in adaptive56 

and self-healing polymers57,58. The ease with which self-healing pro-
ceeds, and the ability to heal repeatedly, are attractive features of the 
molecular-engineering approach, but it is largely restricted to elasto-
meric polymers and can usually deal with only small damage length 
scales, as there needs to be intimate contact between damaged surfaces.

As early, inspirational work showed59, some limitations on materials 
and damage length scales can be overcome by using extrinsic heal-
ing agents embedded in encapsulated form in the material, ready to 
be released when damage occurs. An important proof-of-principle 
demonstration of such autonomous self-healing in a structural poly-
mer introduced the basic and now widely used microcapsule design60. 
Crack propagation ruptured the microcapsules contained within the 
material and released the encapsulated monomer fluid. When this 

Figure 3 | Autonomous prevention and communication of material 
degradation.  a, A self-protecting material incorporating mesoscale additives. 
Damage to a coating causes microcapsules to rupture and release an anti-
corrosion payload that protects the underlying substrate. b, Examples of coated 
steel substrates subjected to corrosive environments. Left, an autonomous 
self-protecting epoxy coating incorporating microcapsules with a reactive 
isocyanate payload. Scratch damage to the coating releases the capsule payload 
and protects the underlying steel substrate from active corrosion. Right, a 

conventional epoxy coating (with no microcapsules) in which scratch damage 
initiates widespread corrosion of the substrate (red). Images reprinted with 
permission from ref. 6. c, A self-reporting material incorporating a molecular 
force probe (mechanophore). Mechanical activation causes the material to 
change colour, providing a visual indication of critical stress or strain. d, A 
polydimethylsiloxane elastomer containing a spiropyran mechanophore that 
turns blue during tensile loading, providing a visual indication of mechanical 
stress or strain. Images reprinted with permission from ref. 32.
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fluid made contact with catalyst particles contained in the crosslinked 
epoxy matrix, it  polymerized to bond the fractured surfaces and restore 
mechanical performance. This example motivated the development of 
many capsule-based self-healing systems, implemented in both hard 
and soft polymers and using a multitude of different healing chemistries 
(for in-depth reviews, see refs 43 and 61). Importantly, microcapsules 
can be incorporated into polymers without sacrificing the inherent 
fracture toughness and related mechanical properties62,63.

Critical to the further success and translation of these systems is the 
need for robust capsules and healing chemistries that remain stable and 
functional, despite being exposed to a variety of mechanical, thermal 
and chemical environments, until damage occurs. Protective capsule 
coatings can enhance the stability of microcapsules that are exposed 
to challenging processing and environmental conditions64. However, 
this still leaves one major limitation: capsules can be used only once in 
a particular location to release their liquid payload and initiate healing. 
One possible way of overcoming this issue is to use capsules with semi-
permeable shells65 for tunable and controlled payload release.

Although microcapsules can be made to be stable and functional, and 
incorporated using standard material-processing techniques, a funda-
mental limitation is the total amount of healing agent that can be deliv-
ered to damaged areas. Vascular networks overcome these shortcomings 
and also allow repeated healing by replenishing the supply of healing 
agent to sites of repeated damage. Precursors of this basic strategy (the 
use of one-dimensional tubular structures for delivering healing agent) 
involved isolated hollow, glass fibres36 or microchannels66,67. Multiple 
cycles of self-healing have been achieved in both coatings68 and neat 
polymers69 by using interconnected, three-dimensional microvascular 
networks. More-complex, interpenetrating 3D microvascular networks 
containing two-part healing agents have been shown to sustain more 

than 30 cycles of repeated healing70, and adding a third independent 
network enabled regulation of the healing temperature and time71, 
which could, in principle, enable healing under otherwise prohibitive 
environmental conditions.

The development of vascular-based healing has relied on the 
efficient integration of complex networks into high-performance, 
fibre-reinforced composites. Early fabrication techniques72,73 either 
produced only one-dimensional isolated channels with limited fluid 
pathways, or used direct-write processes74 that are incompatible with 
most industrial manufacturing techniques. The more recent approach 
of using a robust, sacrificial template of polylactic acid polymer can 
be seamlessly integrated into existing manufacturing processes for 
polymer-based composites14,15. This so-called vaporization of sacrificial 
components technique has enabled more complex vascular architec-
tures to be seamlessly integrated into fibre-reinforced composites with 
no decrease in mechanical strength and stiffness17, while increasing 
delamination resistance and enabling multiple cycles of healing at high 
efficiencies75. Many significant hurdles remain to be overcome before 
such self-healing, high-performance composites can be put to practical 
use, however. Not only are costs potentially prohibitive, but the delivery 
of healing agents needs to become fully autonomous, network design 
must be made redundant to damage and/or blockage, and in situ repair 
of ruptured vasculature must be realized to achieve sustained delivery 
of agents and prolonged healing cycles.

The biological world has inspired many of the concepts that guide 
the development of materials and systems capable of autonomously 
repairing damage, but self-healing remains relatively unexplored 
by the biomaterials research community. Toxicity and biocompat-
ibility impose important constraints that have so far restricted pro-
gress to proof-of-concept studies76–78 demonstrating the feasibility of 

Figure 4 | Autonomous healing, regeneration and degradation.  a, A self-
healing material using a molecular-engineering strategy. Reversible bonding 
between the two crack surfaces enables repair after they are brought into 
intimate contact. b, Repair of fracture damage in a re-mendable, covalently 
crosslinked polymeric material after heating. Left, the fracture plane can be 
clearly seen because of light reflection. Right, after clamping the fracture and 
heating to promote repair, the crack is no longer visible. Images reprinted 
with permission from ref. 45. c, Regeneration of a polymeric material. 
Micro-channels embedded in the polymer (left) deliver liquid healing agents 

to the site of large-scale damage (middle) to restore lost material (right). 
d, Dual microvascular networks (blue and red; left) deliver a two-part healing 
system to restore puncture damage in an epoxy substrate86. The puncture 
(~10 mm; middle) is completely filled with the healing agents and closed 
after pressurized delivery (right). e, A material programmed for controlled 
degradation (left). An environmental stimulus (such as sunlight) triggers the 
degradation of the material (right). f, Packaging of an electronic device with 
a transient polymer enables the controlled disintegration of the device (left to 
right) when exposed to UV light. Reprinted with permission from ref. 89.
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microcapsule-based self-healing of bone cement (a polymeric mate-
rial used to anchor implants including artificial joints, which can lose 
function through wear and microcracking). Further development of 
these and other synthetic polymer-based biomaterials with the ability 
to autonomously repair damage holds considerable promise for future 
biomedical applications79.

The examples of self-healing discussed above all relate to the 
restoration of mechanical performance, but the approach based on 
mesoscale additives in particular is well suited for targeting other func-
tions as well. Efforts so far have focused on electrical properties (either 
on their own80–83 or in conjunction with the restoration of mechanical 
properties84 that might be useful for electronic skin applications), but 
we envisage that materials with the ability to repair other functional 
properties will also be developed. 

Regeneration
The ultimate challenge in the development of self-healing materials is 
regeneration — the ability to replace severely damaged or lost materi-
als (analogous to the biological regeneration of tissues). Damage that 
involves a loss of mass on this scale (Fig. 4c) requires a delivery sys-
tem to supply sufficient amounts of healing agents. As with biological 
growth and regeneration85, this requires a rich interplay of transport, 
kinetics and dynamically changing material properties. This concept 
is illustrated by the restoration and healing of millimetre-scale punc-
ture damage in an epoxy polymer86, which used the vascular delivery 
of two-stage healing chemistry to combat the constraints of gravity and 
surface tension on the amount of healing fluid that can be retained in a 
large void. The first healing stage involved the gelation of a monomer to 
form a permeable scaffold that allowed the accumulation of material to 
completely fill the damaged region. The second healing stage involved 
the polymerization of a secondary orthogonal monomer to generate 
a robust structural polymer (Fig. 4d). This strategy proved effective 
at filling the central puncture, but it was unable to ensure complete 
infiltration and repair of the smaller radial cracks that resulted from 
the impact. This shortcoming aptly illustrates the problems posed by 
repairing damage that spans multiple size scales simultaneously.

Controlled degradation
Even the most robust self-healing materials will eventually reach the end 
of their life. Ideally, there will be controlled degradation of the material 
to recover useful products for recycling (Fig. 4e). Controlled degrada-
tion is not only desirable when damage has led to an irrecoverable state 
in which self-healing and regeneration are no longer viable, but also 
when a material or device is needed for only a limited time period, so 
its transience, rather than its stability, is desirable. Of course, degrada-
bility (or transience) has been pursued for some time, not least to deal 
with the millions of tonnes of plastic waste that is discarded every year. 
But although materials such as biodegradable bags and other personal 
products are becoming widespread, attempts to make advanced poly-
mer-based materials and devices degradable are still at an early stage.

One approach to the paradoxical materials-design challenge of 
obtaining readily degradable materials that are robust and stable while 
they are being used is to design materials that will disintegrate when 
exposed to a particular triggering event. One promising example uses 
poly(benzyl ether) as a basic platform that can easily be modified to 
produce traditional polymeric materials, leading to chemically induced 
depolymerization for selective end-of-life recycling87,88. In the case 
of derivatives of poly(phthalaldehyde), which are used as packaging 
material for electronic devices, degradation has been triggered by ultra-
violet light89 and heat90. But there remains a need for broader classes of 
materials that can readily degrade upon exposure to suitable stimuli.

Transience also arises naturally in cases where materials continuously 
disintegrate during use. This feature can be controlled to ensure that the 
degradation rate is such that adequate functional performance is main-
tained over the intended period of use. The resorbable sutures often 
used by surgeons illustrate the benefits and elegance of this approach. 

A more recent example91 (involving both organic and inorganic mate-
rials) is the use of multifunctional silicon nanomembrane sensors for 
the brain that are implanted in rats, as these can be resorbed naturally 
to avoid surgical removal (Fig. 4f). Especially in the case of medical 
implants that have active functions, accelerated degradation when 
exposed to a suitable stimulus — so-called triggered transience — could 
further expand the opportunities for use.

Although some strategies make it possible to achieve controlled 
degradation, a more demanding objective is the recapture and reuse of the 
resulting products. Proof-of-principle experiments have demonstrated 
the mechanically triggered depolymerization of poly(phthalaldehyde) 
into monomer that was subsequently repolymerized92. But major chal-
lenges remain before a fully integrated materials system can be created 
that approaches the ideal of a closed, autonomous, polymer life cycle.

Outlook
Materials have traditionally been developed to be robust enough to 
withstand the wear and tear of normal use. This approach has worked 
well, but moving towards active damage and life-cycle management 
using autonomous functions promises materials with enhanced, safer 
and more efficient performance, while minimizing resource use and 
waste production. There are several major obstacles to using autono-
mous polymers in real-world applications, not least the fact that they 
have so far largely been developed and tested in highly controlled and 
optimized laboratory settings. In stark contrast, materials in service 
will need to perform in highly variable environmental conditions and 
remain stable throughout their operational life. The chemistry that ena-
bles healing in particular is often sensitive to temperature, humidity, 
pressure, pH and atmospheric oxygen, which all make it difficult to 
maintain robust healing performance. If autonomous technologies are 
to enter the commercial sector, it is essential that stability is established 
over periods much longer than the six months explored in one study93. 
We also note that many healing agents are not only expensive but also 
toxic, which largely precludes their commercial use. In addition, the 
need for self-reporting and self-healing to occur quickly enough to deal 
with damage — particularly if it rapidly worsens or propagates — poses 
significant challenges. Most of the systems we have discussed require 
lengthy healing periods that often cannot be readily accommodated, 
especially if healing under continuous loading is not effective. 

The commercialization of self-healing polymer-based materials faces 
significant practical challenges, and developments in the field so far have 
been largely empirically driven owing to the relative lack of suitable 
computational tools and models. We envisage that efforts to redress 
this situation will deliver considerable benefits. For example, com-
puter modelling can provide deeper insight into the current behaviour 
of autonomous polymers, and thereby aid the formulation of effective 
guidelines for optimizing both the synthesis of these polymers and the 
design of the system. Multi-scale models are needed that effectively 
connect chemical transformations on the molecular scale with relatively 
local material responses on the mesoscale, and with the macroscale 
behaviour of the system overall. Modelling will also need to deal with 
a wide range of processes and phases, given that structural and other 
damage gives rise to a healing response in which the flow of repair agents 
and chemical reactions involving fluid and solid phases has a critical 
role. Steps towards modelling materials and systems with autonomous 
functions have been taken94–99, but it is difficult to capture sufficient 
detail about the underlying mechanisms to enable meaningful predic-
tions, while still ensuring that model calculations can be performed on 
reasonable timescales.

Even when an effectively functioning, self-healing material or 
system is available, practical implementation in the commercial sector 
will require the product to be manufactured in commercially relevant 
quantities and deliver value in the marketplace. This remains a largely 
unsolved problem for autonomous polymers. Some soft, rubbery poly-
mers with fully autonomous self-repairing properties can be produced 
using simple processes and inexpensive, renewable materials52. When 
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aiming for structural applications, however, materials usually require 
extrinsic healing agents. Systems that rely on microcapsules for this 
purpose face the problem that although emulsion processes can produce 
reasonable quantities of capsule material, they are restrictive in terms of 
the chemistry that can be used. For example, hydrophilic healing agents 
cannot be encapsulated in an oil-in-water emulsion process (which is by 
far the most common commercial encapsulation method), and reactive 
core materials are chemically incompatible with many polymer shell-
forming chemistries. Microfluid-based processes100 can overcome some 
of these problems but are unlikely to be cost-effective on a commer-
cial scale owing to difficulties of scalability and the slow rate of capsule 
production. Another obstacle for systems that use mesoscale additives, 
especially those carrying sensitive payloads, is their incompatibility 
with the processing methods used to manufacture high-performance 
fibre-composite materials. Autonomous systems that use vascular 
networks have largely overcome these problems, but the complexity 
of their design, and the need to introduce and pump reactive agents 
within the network, pose further manufacturing and implementation 
challenges. Advances in additive manufacturing for the rapid produc-
tion of 3D scaffolds101 or even 4D-printing concepts102 may overcome 
some of these hurdles, but commercial viability is unlikely in the near 
future except in specialized applications in which the additional costs 
are warranted.

The ultimate goal for autonomous polymers is to perform the desired 
function for as long as necessary without being replaced or requiring 
external maintenance. The end of life should be designed in such a way 
that the building blocks of the polymer can be recaptured and recycled 
efficiently, reducing the amount that is discarded in landfill. Imagine a 
car tyre that lasts the entire lifetime of the vehicle, before being recycled 
and regenerated with 100% efficiency. Alternatively, a bridge that is 
painted once and is protected from corrosion for its entire lifetime will 
greatly reduce maintenance costs while improving the safety of our civil 
infrastructure. Beyond simply replacing existing materials, self-healing 
polymers might also enable product designers to explore new concepts 
that incorporate healing as an integral part of the design. Irrespective of 
whether and how the futuristic goal of autonomous control of the entire 
polymer life cycle can be achieved, the first exciting steps have been 
taken, and the challenge for the field now is to deliver on the promise of 
improved sustainability by providing smarter, safer, better-performing 
and longer-lasting materials.
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