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Abstract 
Self-healing materials have transformed the traditional concept of material durability by introducing the ability to partially recover functionality 

following damage. However, the rapid development of responsive and intelligent material systems suggests that self-healing should no longer 
be regarded as the final stage of material autonomy. A truly autonomous material should be capable not only of repairing damage, but also of 
sensing changes in its environment, interpreting relevant stimuli, activating an appropriate response, and adapting its properties according to 
changing conditions. This perspective argues that the future of advanced materials lies in the transition from passive self-repair toward integrated 
autonomous behavior. Such systems may combine damage sensing, dynamic molecular interactions, reversible structural transformations, self-
healing mechanisms, embedded sensing elements, and eventually computational or biological components. The emerging concept of adaptive 
materials therefore represents a shift from designing materials with predefined properties toward designing materials capable of changing their 
behavior during operation. This transition may redefine the role of materials science in applications ranging from infrastructure and aerospace to 
healthcare, soft robotics, energy systems, and wearable technologies.
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Introduction: Is Self-Healing Enough?

For most of the history of materials science, durability has been 
understood primarily as the ability of a material to resist degra-
dation. The ideal material was therefore one that remained as un-
changed as possible during operation. Cracking, fatigue, corrosion, 
wear, thermal degradation, or other forms of damage were treated 
as failures that had to be prevented or repaired externally. Self-heal-
ing materials challenged this paradigm. Instead of simply resisting 
damage, these materials were designed to recover at least part of 
their original functionality after damage occurred. Depending on 
the system, healing may result from intrinsic reversible interac-
tions, dynamic chemical bonds, phase transitions, microencapsu-
lated healing agents, vascular networks, or biological processes [1- 

 
3]. This represented a fundamental conceptual shift: damage was 
no longer necessarily the end point of material functionality.

However, an important question remains: does a material that 
can repair itself truly qualify as autonomous? In our view, the an-
swer is not necessarily. Self-healing is an important property, but 
it represents only one component of a much broader concept of 
material autonomy. A material that detects a crack and initiates 
repair is more advanced than a conventional passive material. Yet 
a material capable of continuously monitoring its structural state, 
distinguishing between different types of damage, modifying its 
properties before catastrophic failure, and adapting its response 
to environmental conditions would represent a substantially high-
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er level of functionality. This distinction may become increasingly 
important as materials are expected to operate for longer periods 
under variable and unpredictable conditions. The challenge for the 
next generation of materials science is therefore not simply to de-
velop better self-healing materials, but to move beyond self-healing 
toward autonomous and adaptive material systems.

From Passive Materials to Autonomous Systems

The development of advanced materials can be viewed as a 
gradual transition from passive behavior toward active and adap-
tive functionality. Traditional materials are primarily characterized 
by relatively stable properties such as strength, stiffness, conduc-
tivity, thermal resistance, or chemical stability. Smart materials in-
troduced the ability to respond to external stimuli such as temper-
ature, light, electric fields, magnetic fields, pH, or mechanical stress 

[4]. Self-healing materials added another important capability: re-
covery following damage [1,2].

The next step should be the integration of these functions.

An adaptive material should not merely respond to a stimulus 
in a predetermined manner. Ideally, its response should depend 
on the current state of the material and the surrounding environ-
ment. In other words, the material should be capable of modifying 
its behavior according to changing circumstances. This conceptu-
al progression is illustrated in Figure 1, which places self-healing 
within a broader evolutionary framework leading toward adaptive, 
autonomous, and potentially learning materials. Here, we propose 
this progression as a conceptual continuum rather than a rigid clas-
sification, ranging from passive materials to potentially learning 
materials.

Figure 1: From self-healing to autonomous materials: a conceptual framework for the evolution of material intelligence. Increasing levels of 
sensing, response, repair, feedback, adaptation, decision-making, and learning illustrate the transition from predefined material properties 
toward dynamic and autonomous behavior.

The transition between these categories is not absolute, and 
many existing materials occupy intermediate positions. Neverthe-
less, the sequence illustrates an important change in design philos-
ophy. The traditional question in materials science has been: “What 
properties should this material have?”. The emerging question may 
instead become: “How should this material behave when its envi-
ronment changes?”. This represents a shift from designing static 
properties toward designing dynamic behavior.

Self-Healing as the Beginning, Not the End Point

The current generation of self-healing materials demonstrates 
that materials can recover functionality after damage. However, 
several limitations prevent most existing systems from being con-
sidered fully autonomous. First, many self-healing mechanisms re-
quire a specific trigger. Healing may occur only within a restricted 
range of temperature, humidity, pH, mechanical deformation, or 
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other environmental conditions. Second, healing capacity is often 
finite. Extrinsic systems based on encapsulated healing agents, 
for example, may have limited healing cycles. Third, the materi-
al generally does not determine whether healing is necessary or 
whether the selected healing mechanism is optimal [2,5,6]. These 
limitations reveal an important conceptual distinction between 
autonomous healing and autonomous behavior. A material can au-

tonomously heal a crack without being capable of autonomous de-
cision-making. This distinction should not diminish the importance 
of self-healing research. On the contrary, self-healing provides one 
of the essential building blocks for future autonomous materials. 
The challenge is to combine healing with sensing, feedback, adapta-
tion, and potentially learning [7].  A future material could therefore 
contain several interconnected functions (Figure 2):

Figure 2: Closed-loop framework for autonomous and adaptive materials. The cycle comprises six interconnected stages: (1) damage 
detection, (2) state assessment, (3) response selection, (4) self-repair, (5) performance verification, and (6) adaptation. Integrated sensing 
and feedback enable the material to monitor its condition, select an appropriate response, restore functionality, evaluate the outcome, and 
continuously adapt to improve future performance and resilience.

Such a system would be fundamentally different from a materi-
al that simply contains a healing agent.

Toward Materials with Internal Feedback

One of the defining characteristics of autonomous systems is 
feedback. Biological organisms provide perhaps the most sophis-
ticated example. A biological system continuously senses its en-
vironment, processes information, modifies its behavior, repairs 
damage, and reallocates resources according to changing demands. 
Materials science has traditionally separated these functions. Sen-
sors are manufactured as separate devices, actuators as separate 
components, and structural materials as passive substrates. The 
opportunity now exists to integrate these functions. For example, 
a structural composite could incorporate sensing elements capable 
of detecting changes in strain or crack formation [8,9]. The informa-
tion could trigger a local change in material properties or initiate a 
healing process. Similarly, an adaptive coating could detect changes 
in the surrounding chemical environment and alter its permeability 
or protective properties. This suggests that future materials may in-

creasingly resemble integrated systems rather than homogeneous 
substances. The distinction between a material and a device may 
consequently become less clear.

Adaptation Is More Than Repair

An important feature of autonomous materials should be the 
ability to respond not only to damage but also to environmental 
variability. Consider a material exposed to repeated cycles of tem-
perature, humidity, mechanical stress, radiation, or chemical expo-
sure. A conventional material is expected to maintain its properties 
despite these changes. A responsive material changes its behavior 
in response to the stimulus [4]. An adaptive material would go one 
step further by modifying its functional state according to the his-
tory and intensity of environmental exposure [10,11]. For example, 
an adaptive material could become more flexible under mechanical 
stress, more resistant under damaging conditions, more permeable 
when transport is required, or more protective when environmen-
tal conditions become hazardous. Such behavior introduces a new 
design objective: the material should optimize its function continu-
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ously rather than simply maintain a predefined state.

This principle may be particularly valuable in applications 
where environmental conditions cannot be predicted accurately. 
Such continuous adaptation, however, requires increasingly so-
phisticated mechanisms for sensing, information processing, and 
decision-making. Artificial intelligence could provide one pathway 
toward such computational functionality.

The Role of Artificial Intelligence

The integration of artificial intelligence could further expand 

the concept of autonomous materials. AI is already increasingly 
used to predict material properties, optimize compositions, and 
accelerate materials discovery [12,13]. A more ambitious direc-
tion would be to use computational intelligence as part of the op-
erational material system itself. In such a scenario, sensors could 
continuously collect information about material performance. An 
algorithm could identify patterns associated with degradation, pre-
dict failure, and determine whether a change in material state or a 
healing response is required. The resulting architecture could be 
represented as (Figure 3) [10,12,13]:

Figure 3: Closed-loop architecture of an intelligent material system. The framework integrates the material, sensing, data generation, 
interpretation, decision-making, and material response into a continuous feedback loop. Multimodal sensing generates information about the 
material and its environment, which is processed and interpreted to support appropriate decisions and trigger changes in material properties or 
function. Evaluation of the resulting response provides feedback that enables system updating and progressively improved future performance.

This does not necessarily mean embedding conventional com-
puters inside materials. Instead, computational functionality could 
become distributed across the material system through responsive 
molecular networks, embedded electronics, neuromorphic com-
ponents, or other forms of material-based information processing. 
Such developments could ultimately lead to materials that do not 
merely respond to stimuli but select among multiple possible re-
sponses. This would represent a significant conceptual step toward 
material autonomy.

Biological Inspiration and Living Components

Biological systems provide another important source of inspira-
tion for autonomous materials. Living organisms combine sensing, 
adaptation, repair, energy management, and information process-
ing within highly integrated systems. Recent advances in biohy-
brid and engineered living materials suggest that some biological 
functions can increasingly be incorporated into material platforms 
[14]. The attraction of biological components lies not only in their 

ability to perform specific biochemical functions, but also in their 
capacity for adaptation, regeneration, and complex responses to 
environmental signals. This raises an intriguing possibility: future 
autonomous materials may not be entirely synthetic. Instead, mate-
rials could combine synthetic matrices with biological components, 
engineered microorganisms, cells, enzymes, or biomolecular net-
works to create systems capable of sensing and responding to en-
vironmental changes [15]. Such systems would challenge the tradi-
tional boundary between material and living system. Nevertheless, 
biological integration also introduces major challenges, including 
stability, containment, reproducibility, long-term functionality, eth-
ical considerations, and manufacturing scalability. Therefore, living 
materials should be regarded as one possible pathway toward au-
tonomy rather than a universal solution [16].

The Major Challenge: Defining Material Autonomy

As the field develops, terminology will become increasingly im-
portant. Figure 1 illustrates this progression by distinguishing ma-
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terials according to their increasing capacity for sensing, response, 
repair, feedback, decision-making, and learning. To improve con-
ceptual clarity, we propose a functional hierarchy consisting of six 
progressive levels of material intelligence (Figure 1). This can make 
it difficult to determine how advanced a particular material system 
actually is.

We propose a six-level conceptual framework for describing 
increasing levels of functional autonomy in advanced materials. In 
this framework, ‘smart materials’ is treated as an umbrella concept 
rather than a separate functional level, whereas the six levels de-
scribe progressively increasing material autonomy. The following 
hierarchy is proposed here as a conceptual framework rather than 
as an established classification.

Level 1 – Passive: stable predefined properties.

Level 2 – Responsive: changes properties following an external 
stimulus.

Level 3 – Self-healing: recovers part of its functionality follow-
ing damage.

Level 4 – Adaptive: modifies its response according to environ-
mental conditions or material state.

Level 5 – Autonomous: integrates sensing, decision-making, re-
sponse, and feedback with minimal external intervention.

Level 6 – Learning materials: systems capable of modifying fu-
ture responses based on previous states, accumulated information, 
or environmental history.

Recent work on learning metamaterials demonstrates that 
physical material systems can acquire and modify responses 
through experience, suggesting that learning may represent a plau-
sible extension of adaptive material behavior rather than merely 
a metaphor borrowed from artificial intelligence [17-19]. This hi-
erarchy should not be interpreted as a rigid classification system. 
Rather, it may help researchers communicate more precisely about 
what their materials can actually do. In particular, the term “au-
tonomous” should be used cautiously. A material that requires an 
externally imposed trigger or periodic human intervention may be 
self-healing or responsive, but it should not necessarily be consid-
ered fully autonomous.

From Materials with Properties to Materials with 
Behavior

The most important change may therefore be conceptual rather 
than technological. Materials science has traditionally focused on 
establishing relationships between composition, structure, pro-
cessing, and properties [12]. This framework remains fundamental. 
However, increasingly complex material systems require an addi-
tional dimension: behavior over time. Future material design may 
therefore need to consider not only:

composition → structure → properties

but also:

environment → sensing → response → adaptation → recovery

This perspective could stimulate new collaborations between 
materials science, chemistry, biology, robotics, electronics, artificial 
intelligence, and systems engineering. The material of the future 
may consequently be less like a static object and more like a dy-
namic system.

Outlook

The transition beyond self-healing will not occur simply by de-
veloping materials that heal faster or recover a greater percentage 
of their original properties. The more fundamental objective should 
be to create materials capable of understanding, at least in a func-
tional sense, their own state and adapting to changing environmen-
tal conditions. Such materials may combine several capabilities that 
have traditionally been developed separately: structural integrity, 
sensing, actuation, self-repair, environmental responsiveness, in-
formation processing, and adaptation. The most promising sys-
tems may therefore not belong to a single material class. Instead, 
they may emerge from the convergence of polymers, composites, 
nanomaterials, biomaterials, electronics, living systems, and artifi-
cial intelligence. This convergence suggests a broader definition of 
advanced materials. The material of the future should not simply 
survive its environment. It should respond to it, adapt to it, and, 
when possible, recover from the challenges it encounters. Self-heal-
ing was an important step toward this vision. The next challenge is 
to move beyond healing toward materials with autonomy, adaptive 
behavior, and eventually a limited form of material intelligence.

Conclusion

Self-healing materials have changed the traditional perception 
of material failure by demonstrating that damage does not neces-
sarily have to represent an irreversible loss of function. Neverthe-
less, self-healing should be considered a foundation rather than the 
endpoint of intelligent material development. The next generation 
of advanced materials should integrate sensing, feedback, adapta-
tion, and autonomous responses with self-repair. Artificial intel-
ligence and biological systems may provide additional pathways 
toward this objective. Although fully autonomous materials remain 
largely a future concept, the individual technological components 
required for their development are already emerging across sev-
eral fields. The central challenge for materials science is therefore 
shifting from designing materials that possess desirable properties 
toward designing materials that can change their behavior when 
circumstances change. This transition—from static properties to 
dynamic behavior, and from self-healing to autonomy—may repre-
sent one of the most important conceptual directions for the future 
of materials science.
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