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Abstract: Self-healing material has been widely used in many fields with its excellent
properties and long material life. Some key parts of wearable devices such as smart sensors
require the excellent properties of self-healing materials. Therefore, the application of self-
healing materials in wearable devices has attracted more and more attention and brought
destructive innovation in recent years. This review introduces the application of self-healing
materials in wearable devices and discusses the chemical rationale in various application
scenarios. So far, the most prevalent solution is to create multi-material matrices, strengthen
the material, and sometimes perform extra properties. Research in this field is still in the
initial stages and although there are still many technical hurdles to overcome to meet the
needs of real-world applications, it presents a promising future and will eventually change
people’s lives. This paper demonstrates that the cutting-edge technologies developed in self-
healing wearable devices area make a great contribution to people’s life.
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1. Introduction

From ancient times, people have kept working hard to find or create intensive and durable materials
for different application purposes. In the past century, high-strength materials, such as alloys and
composite materials, satisfied most of the application requirements by their firmness. However, as
time passes, these traditional materials are facing the aging problem. Small cracks, maybe caused by
pressure, temperature change or any other unpredictable factors, will rapidly expand to cause
irreversible damages and eventually limit materials life [1-2]. The ancient Roman Empire makes its
presence for more than 2000 years with many buildings still standing. Roman concrete with self-
healing properties was used in the majority of their construction projects by 200 B.C.E. Roman
concrete consisted of a mixture of lime, rock fragments volcanic ash and water. In 128 A.D., Italian
researchers from Havard University found that Roman concrete was structure-enhancing [3]. In the
1980s, scientists started to study self-healing materials and try to synthesize them [1]. Scientists are
inspired by the natural ability of biological tissue to self-repair, such as muscles, which contain self-
healing and adhesive tissues, or blood platelets which can heal wounds on human skin after injuries.
In 1993, scientists successfully synthesized a hollow tube with self-healing agents fibred inside,
which was the first display of self-healing polymers. An ideal self-healing material is supposed to
automatically, without any external action, recover its characteristics and integrity in a minimum
amount of time necessary after suffering damage and repeating this countless times [4].
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This review has summarized the recent research progress in self-healing materials used in wearable
devices with mechanisms and applications. Moreover, the relationship between the materials design
and device performance for self-healing properties is discussed. Finally, the review has explored the
primary challenges and outlook in this promising field.

2.  Introduction to Self-healing Polymers

Self-healing polymers are divided into two major distinct systems: extrinsic and intrinsic self-healing
polymers. (see Figure 1). Extrinsic self-healing materials contain capsules or microtubes. Spaces
caused by injuries can be filled with backup materials which have been inserted. Intrinsic self-healing
materials utilize the characteristics of atoms. To store more energy, the atoms tend to stay bonded, so
the material will gradually fix itself after injuries [5]. Intrinsic self-healing materials rely on reversible
chemical bonds throughout the piece to refill cracks.

(2)

(b)
Figure 1: Extrinsic(a) and Intrinsic(b) Self-Healing Polymer Systems [6]

Since the 21st century, materials with self-healing ability have attracted increasing interest due to
their vast prospects in the fields of medical practice, health care and electronic uses [2,7]. Figure 2
shows the number of publications at ScienceDirect has increased dramatically in the past decade.
Research for both self-healing materials and wearable devices shows similar trends in the past 12
years. In the past 3-4 years, the number of publications for two topics was getting closer. Meanwhile,
the publication number for wearable devices using self-healing material was notably increased
significantly. Self-healing materials play an essential role in the field of wearable devices with
numerous stunning applications such as flexible sensors and E-skin. It is becoming increasingly
important both academically and industrially for innovative wearable devices.
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Figure 2: Publications for Self-healing Material and Wearable Device at ScienceDirect [8]
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3.  Recent Advances of Self-healing Materials Applied in Wearable Devices

Scientists want to incorporate self-healing properties of polymers in wearable devices in multiple
fields of chemical, mechanical and electronical research, as e-skin required. Three research progresses
across and beyond disciplines are shared. For sure, there are many other research fields to be explored.

3.1. PBS+Ecoflex (or PDMS) Crosslinked Network

Since the irreversible environmental damages caused by undegradable plastic abuse, scientists have
been studying substitutions degradable and easy to be produced. A series of organic degradable
materials were developed and originated from renewable resources [9]. Poly (butylene succinate)
(PBS), or poly (tetramethylene succinate) was one of the synthetic bioplastics. The invention achieved
its environmentally-friendly purpose, as ingredients can be extracted from renewable resources. The
networked shape of PBS gives its property of heat insulation, thus implying that PBS will rapidly
form a core-shell structure, when being burnt in order to protect materials inside [5].

However, in order to reach other good properties, PBS had lost its mechanical strength to some
extent. Scientists found that combining PBS to other materials is a good approach to not only prevent
the problem of mechanical strength but also enable them to add new properties of the material [10].
Ecoflex was then found. Since ecoflex proved a great ability of self-healing, it should have a great
potential of combination to other materials. Scientists synthesized PBS-Ecoflex complexes. The
combination of PBS and Ecoflex brings a brand new multifunctional self-healing, stretchable,
deformable, biocompatible, transparent, and self-adhesive [3,7]. Complex matrix structure results in
multiple attributions. It can be self-repaired in 30 seconds at room temperature, while previous studies
need days, and sometimes it’s inconvenient due to the requirement of high temperatures. The PBS-
Ecoflex complex has extraordinary stretchability of over 500%, as well as other advantages of good
thermal stability and transparency. Unlike other crosslink networks, PBS and Ecoflex complex
polymers will not easily slide over each other and thus can maintain the shape for a long period, for
permanent wearers, avoiding structural instability.

The two networks separate networks in the whole structure crosslinked together and form
interactive forces, such as hydrogen bonds, between molecules. (Some other kinds of networks, or
polymers, tend to perform redox reactions for self-healing [11].) As a result, when facing stretches,
it is beneficial because the space between the two networks is larger, and the material is less likely to
be damaged. And because of the crosslink structure, the molecules are bonded extremely tightly.
Damages hurt less in those tightly bonded materials, as the bond energy is higher and the bonds are
less likely to be broken.

Poly(dimethyl)siloxane (PDMS) is similar to EcoFlex, renowned for its biocompatibility [12].
Nowadays it is used in wearable devices and other medical circumstances. Recent progress in
specialized PDMS is discovering its potential and expanding its contexts of use.

The crosslink network structures are good choices for improving materials’ endurance, which is
what E-skins require. E-skins are a very good example of human-device interaction, as it was widely
used in wearable devices as the layer of slightly adhesive material between human skin and sensors.
E-skins were inspired by human skins, which also have self-healing abilities. E-skins were mainly
designed to mimic human skin [13]. E-skins mainly focuses on the change of pressure of current. The
sensors were wrapped with biodegradable, stretchable, and self-healing materials [14]. In order to
perfectly reach the goal of fitting well with human skin, all of the parts of the device (including the
sensors and the outside coats) should be self-healing, even self-adhesive. Parts contain uses of
microelectronics, requiring newly developed or future techniques. Scientists are also focusing on
combining different self-healing materials in order to reach a ‘perfect self-healing’ because nowadays
research mostly discusses specific types of materials.
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In e-skins, PDMS is often used in stretchable insulators. Although it requires the device to run at
a high voltage, some other inorganic substrates can fix the problem [13]. PDMS polymers were
supposed to mix with EGaln droplets. Once there is a crack, the droplets will be released and broken
circuits will be repaired. The conductivity of the network-droplet combination shows a 108 times
self-healing ability once being activated [15]. Future studies can be focused on how to mass-produce
this kind of material. Besides, the self-healing property of Ecoflex and PDMS will possibly cause the
material to be too dense, thus decreasing the sensitivity. This can also be a research orientation.
Additionally, the leakage problem is important.

3.2. Cellulose Complexes

Throughout the history of materials, cellulose has always been a good example in any situation of
needs, for its good biocompatibility, renewability, and mechanical strength [16]. Parallel-arranged
chains can efficiently distribute horizontal forces, thus mitigating the forces and minimizing potential
damages caused by especially pulling forces. Also, some kinds of cellulose are easy to expand by
mass production, as a result of the material’s repetitive structures.

For the reasons above, cellulose-based materials show ideal properties when combined with other
materials. Cellulose-based materials often contain a backbone made by other materials and
nanocellulose (including cellulose nanofibers (CNFs), cellulose nanocrystals (CNCs), etc.). Similar
to PBS and Ecoflex crosslink systems, cellulose, and backbone materials also play complementary
roles in the whole complex, in which the two structures are tightly fixed together by both covalent
and non-covalent bonds. Various combinations of nanocellulose, backbone materials, and other
additional create diverse properties. Minor fluctuations may occur as a result of different synthesis
processes, as people need various kinds of sensors to track their health.

There are a large number of hydrogels made of nanocelluloses. Hydrogels were often used as
organic adhesives or capsule coats due to their good adhesivity and self-healing properties. So,
hydrogels can be also found on flexible sensors. Cellulose is an ideal material for flexible sensors. It
is UV proofed, which means patients wearing them don’t need to take it off when it’s too hot, and it
won’t break). A number of the hydrogels could even reach 2108% fracture strain, a high increase
compared to other previous hydrogels [17].

In order to create a self-healing, stretchable, well-biocompatible structure, some researchers
choose to use lignin as a rather stable option. With the assistance of sodium lignosulfate (24) and
Fe3+, this flexible carbon sensor is able to heal by itself by 91.76% in 2 hours [17]. This kind of
hydrogel can tightly stick to the elders’ rough skin, and it is particularly suitable for elderly health
and sleep management [17].

Recently, scientists have been studying how to 3D print self-healing polymers. This method
enables the non-professionals to understand what self-healing material is, visually and clearly [18].
Inspired by the human body, scientists also developed fast-adapting mechanoreceptors (FA) and
slow-adapting mechanoreceptors (SA) [19]. The textile-based tactile sensors are able to easily
distinguish different body parts. Not only does it enable doctors to monitor patients’ lives so that they
can remind patients to do activities on time or eat healthier, but it can also serve as a gigantic database,
in which Artificial Intelligence learns [20]. AI may link to soft robotics, which can express the actions
of a human-like robot based on data that Al just studied. In fact, the application of different kinds of
self-healing materials tends to be so similar, but there are still slight differences. Besides soft robotics,
most of the biological soft tissues can be made, including muscles, cartilage, etc. Their various
properties could be determined by the concentration and alignment of CNF and CNC [17]. When to
athletes, the flexible sensors made of cellulose offer a real-time recording of several indices of their
body, such as sweat, frequency of breathing, etc., so that athletes and coaches can better make training
plans [16]. Research has also shown that E-skin made by cellulose chains can also transmit private
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words underwater [21]. Wearable devices require long-time wearing, so the material aging problem
is significantly important. There is a lack of research on endurance problems yet. And, even the self-
healing materials occurring in nature, are time-requiring and money-requiring to be distracted.
Scientists can be more focused on a cheaper way of synthesizing those practical self-healing materials.
Even if it is 3D printing, it is still indispensable to ensure the mechanical strength of the materials.

3.3. Rubber Self-healing Materials

Rubber has always been renowned as a high-stretchability material. People even plant special trees
to collect rubber, for a variety of reasons. Recently, scientists successfully synthesized flexible
sensors using maleic acid-grafted natural rubber. The rubber formed a basic matrix along with other
polymers such as polyaniline and phytic acids, as crosslinking agents. Linearity of the matrix ensures
that motion-recording electrical signals can be precisely transported, starting from the flexible sensors
and finally forming a 3D mimic graph of the motions of the wearer [22]. Some can reach an accuracy
0f 98.43% [23]. Compared to natural rubber, synthetic rubbers can be easier to obtain (as it’s can be
produced by factories all around the globe, and there is no climate restriction), more widely used
(including flexible electronics, various healthcare devices, adhesives, etc.) and there are no seasonal
or environmental restrictions [24]. Synthetic rubber may contain different properties with a
combination of other materials. Similar to other self-healing polymers, they often form irreversible
covalent bonds. For example, the addition of thiourea-based polymer polyether thiourea ethylene
glycol (PTUEG) in natural rubber and epoxidized natural rubber leads to extra B-hydroxyl ring-
opening reaction, creating more hydrogen bonding and dynamic covalent motif [25]. Its good thermal
mechanism, stability, and longevity provide a great potential for application in wearable devices.
Scientists developed a kind of complex using 4,4’-methylenebis and isophorone bisurea units. There
is a specialized dielectric layer, making the material maintain the same mechanical properties under
wet conditions like possible sweats [26]. Most self-healing materials are biodegradable. This seems
a good property, as it does positively contribute to the environment, however, this is not beneficial
when compared to wearable devices. Wearable devices require materials to be long-lasting. Therefore,
SR polymers combined with self-healing synthetic nitrile-based rubber become a good choice to
expand the life of the products, along with heating the product for ruggedization [24].

4. Conclusion

This review discusses the recent progress of self-healing polymers applied in wearable devices
including mechanical theories, pragmatic applications and potential challenges as well as future
potential types of applications. So far, the most prevalent solution is to create multi-material matrices,
strengthen the material, and sometimes perform extra properties. Future developments might mainly
focus on practices of self-healing wearable devices in real life. It may bring a considerable number
of unmet needs, such as the feasibility of mass production and the circumstances of wearing devices
on joints. Scientists can also focus on the thermal mechanics and aging issues of self-healing materials.
For sure, there is a long way to go from labs to life. The related research work is still in the initial
stage due to the challenges in developing pragmatic applications and industrializing them in a
dynamic market to meet the tremendous needs for people wearing smart devices. This review is not
yet able to comprehensively discuss those challenges. There are so many unknown fields that need
multi-discipline knowledge and in-depth collaboration among scientists.
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