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Human skin is essential for perception, encompassing haptic, thermal, pro-
prioceptive, and pain-sensing functions through ion movement. Additionally,

it is mechanically resilient and self-healing for protection. Inspired by these
unique properties, researchers have attempted to develop stretchable, self-

healing sensors based on ion dynamics. However, most self-healing sensors
reported to date suffer from low fracture strength and toughness. In this work,
we present an ion-based self-healing electronic skin with exceptionally high
fracture strength and toughness. We enhanced self-healing polymers and ionic
conductors by introducing two types of orthogonal dynamic crosslinking
bonds: dynamic aromatic disulfide bonds and 2-ureido-4-pyrimidone moieties.
These dynamic bonds provide autonomous self-healing and high mechanical
toughness even in the presence of ionic liquids. As a result, our self-healing
polymer and self-healing ionic conductor exhibit remarkable stretchability
(700%, 850%), fracture strength (34 MPa, 30 MPa), and toughness (78.5 MJ/m?,
87.3 MJ/md), the highest values reported among self-healing ionic conductors
to date. Using our materials, we developed various fully self-healing sensors
and a soft gripper capable of autonomously recovering from mechanical
damage. By integrating these components, we created a comprehensive self-

healing electronic skin suitable for soft robotics applications.

The human skin forms an integral part of the human body. The skin is
not merely an external protective barrier; it is equipped with a highly
sophisticated somatosensory system based on ion movements'™. This
system endows the skin with the ability to detect and interpret various
stimuli, including temperature, pressure, and pain. Furthermore, the
skin possesses remarkable mechanical robustness and even self-
healing capability, which can autonomously restore the skin’s inherent
functions when damage is applied.

Researchers have increasingly focused on the development of
stretchable, self-healing sensors that mimic the remarkable properties
of human skin®™’. These stretchable and self-healing sensing materials
are fabricated by incorporating either electrically conductive or ioni-
cally conductive components into a self-healing polymer matrix. Self-

healing capabilities could enhance the durability and lifetime of the
sensors, while the electrical characteristics of the conductive fillers
enable the detection of various stimuli.

Among the numerous materials for self-healing sensors, self-
healing ionogels are excellent candidates'*. Self-healing ionogels-
that is, self-healing polymer networks swollen with ionic liquids (ILs)—
have been extensively studied as ionic conductors for soft self-healing
electronics due to their humidity insensitiveness, non-volatility,
mechanical stretchability, and excellent electrochemical properties.
They have been successfully used as a sensing layer for self-healing
mechanical sensors, including pressure, strain, and shear sensors, as
well as temperature sensors. Additionally, they have been utilized as
electrodes in stretchable light-emitting capacitors (LEC).
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Nevertheless, if ionic conductors possess weak mechanical
properties, they may experience permanent dimensional changes
(plastic deformation) during repeated sensor operations. Such chan-
ges significantly impede accurate sensing. Therefore, improving the
mechanical robustness of self-healing ionic conductors is very
important for electronic skin. However, reported self-healing ionic
conductors have low mechanical properties for the following reasons.
The intrinsic self-healing capability of self-healing polymers is typically
achieved by incorporating dynamic supramolecular interactions, such
as hydrogen bonding, 1t- Tt interactions, ionic interactions, and metal-
ligand coordination, into low Ty polymer matrices”'®. Due to their
composition of dynamic bonds with weak bindings, most self-healing
polymers exhibit low mechanical properties. Fortunately, several stu-
dies have been reported to design and synthesize tough, self-healing
polymers trying to solve the trade-off relationship between self-
healing capabilities and the mechanical properties of materials'* >,
However, the self-healing ionic conductors designed for stretchable
self-healing sensors exhibit significantly weaker mechanical properties
when compared to their original self-healing polymers. This is attrib-
uted to the disruptive nature of ionic liquid on the dynamic bonds. For
these reasons, no studies have developed an approach for simulta-
neously realizing stretchable, mechanically tough, and self-healing
ionic conductors for stretchable self-healing sensors to the best of our
knowledge.

Here, we report a design of a self-healing polymer and ionic con-
ductor, possessing exceptionally ultra-high fracture strength and
toughness, for stretchable self-healing sensors. The designed polymer
contains two types of dynamic bonds in its polycaprolactone (PCL)
main polymer chain, which is known to be biocompatible: dynamic
aromatic disulfide bonds (DS) and 2-ureido-4-pyrimidone (UPy) moi-
eties, having the role of autonomous self-healing and high mechanical
toughness, respectively. DS was selected to enable efficient self-healing
at room temperature through main chain shuffling. Among various self-
healing moieties, DS moieties are particularly appealing due to their
capability of facilitating relatively faster self-healing at room tempera-
ture through efficient disulfide metathesis®* . Next, UPy units were
introduced as additional dynamic bonds in polymer design to enhance
the mechanical properties. The UPy moieties impart good elasticity and
fracture toughness by crosslinking the polymer chains through quad-
ruple hydrogen bonding”*. Significantly, due to the formation of
strong bonds between UPy units, even when ionic liquids are integrated
into the polymer matrix, the robust bonding between UPy units is not
broken. Consequently, these UPy moieties ensure that ionic conductors
maintain their robust mechanical properties in comparison to their
original polymers. However, if UPy bonds are solely introduced as
dynamic bonds in the polymer chain, self-healing cannot be achieved in
polymer and ionogel due to the slow bond exchanges of UPy (Fig. 1a). In
contrast, if DS bonds are solely employed as dynamic bonds, the self-
healing polymer (SHP) exhibit weak mechanical properties due to the
low bonding strength between DS units (Fig. 1b). Moreover, when ionic
liquid is added to SHP, the ionic liquid disrupts the polymer interaction
resulting in significantly weakened mechanical toughness (Fig. 1b). Only
when both dynamic bonds are used together, ionic conductor can
achieve ultra-high toughness and self-healing property simultaneously
(Fig. 1c). Interestingly, all components of PCL, DS, and UPy in our
polymer design are easily aligned and further aggregated during
stretching. As a result, this can enhance the fracture strength through
strain-induced aggregation. As a result, our self-healing ionic conductor
(SHIC) shows high stretchability (850%), high fracture strength
(30 MPa), and high toughness (87.3 MJ/m?). To the best of our knowl-
edge, our SHIC shows the highest mechanical properties among
reported self-healing ionogels.

Using our SHP and SHIC, we uniquely demonstrate tough, self-
healing electronic skin and a soft gripper for somatosensitive soft
robots. Due to their excellent mechanical, sensing, and self-healing

properties, these soft robots can operate effectively for extended
periods, even in dynamic environments.

Results

Design and synthesis of tough, self-healing polymer and ionic
conductor

To impart enhanced toughness and self-healing properties to our
polymers and ionic conductors, we designed materials characterized
by two distinct types of dynamic bonds: a dynamic covalent bond
based on aromatic disulfide (DS) and a quadruple hydrogen bond
originating from ureido-pyrimidinone (UPy) (Fig. 2a). Poly-
caprolactone (PCL) was selected as the hydrophilic polymer backbone
to ensure miscibility with ionic liquids. We synthesized a series of
thermoplastic polyurethane polymers via one-pot polycondensation
reactions, utilizing varying ratios of DS and UPy moieties as chain
extenders (SHP-1, SHP-2, and SHP-3) (Supplementary Figs. 1, 2). SHP-1
and SHP-2 are PCL-DSg¢-UPyo4 and PCL-DSgs-UPyq,, respectively
(Supplementary Fig. 1). SHP-3 is PCL-DS homopolymer without UPy
moieties (Supplementary Fig. 2). All polymers and materials that make
up polymers are characterized by Nuclear Magnetic Resonance (NMR)
and Gel Permeation Chromatography (GPC) (Supplementary
Figs. 3-5).

All SHP polymers are well dissolved in N,N-dimethylacetamide.
Solutions are casted on Teflon substrate and transparent free-standing
films are obtained after solvent evaporation and subsequent thermal
annealing at 110 °C in a vacuum. All polymer films could be stretched to
more than 6 times their original length at a strain rate of 1000%/min
(Fig. 2b). When polymers are synthesized only with aromatic DS moi-
eties as chain extenders, the resulting film (SHP-3) is highly stretchable
and autonomously self-healable but mechanically very weak (Fig. 2b).
As UPy contents increase, mechanical strength and toughness are
dramatically enhanced (Fig. 2b-d and Supplementary Figs. 6, 7).
Notably, the mechanical strength and toughness of SHP-1, having 40%
UPy contents in chain extenders, reached 34 MPa and 78.5 MJ/m?,
respectively (Fig. 2c, d).

Self-healing ionic conductors (SHIC) are created by incorporating
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM
TFSI) ILs into SHP, as depicted in Fig. 2a. As previously discussed, ILs
act as plasticizers within the polymer matrix, affecting the dynamic
crosslinking bonds (Fig. 1b). Consequently, most previously reported
SHICs have shown mechanical weakness and excessive viscoelasticity.

To our surprise, SHIC-1 exhibited remarkable mechanical prop-
erties. Despite containing 5 wt% of ILs, the fracture strength of SHIC-1
almost matches that of SHP-1 (Fig. 2¢). Figure 2c, d demonstrate that
the UPy content in the polymers is crucial for maintaining mechanical
properties after introducing ILs. In contrast, SHIC-3, which relies solely
on DS as chain extenders, showed mechanical instability due to the
disruption of crosslinking by ILs (Fig. 2d and Supplementary Fig. 6).

These remarkable findings are attributed to the multivalent
effect of quadruple hydrogen bonding, which enhances the stability
of UPy-UPy crosslinking bonds, even in the presence of ILs. Upon
measuring the rheological data of self-healing materials, it was
observed that SHP-3, which lacks UPy content, exhibited a crossover
point at lower frequencies with the addition of ionic liquid. In con-
trast, SHP-1 did not display any crossover point, even with the addi-
tion of ionic liquid (Supplementary Fig. 7). Additionally, differential
scanning calorimetry (DSC) measurements revealed that SHP-1, which
contains the UPy moiety, exhibited a significantly lower reduction in
Tg upon the addition of ionic liquid compared to SHP-3 (Supple-
mentary Fig. 8). These measurements indicate that the strong
hydrogen bonding of the UPy moieties allow SHIC-1 to maintain its
chain rigidity almost unchanged, even with the addition of ionic
liquid. Consequently, SHIC-1 exhibits exceptionally high toughness,
superior elasticity, and notch-insensitive high stretchability (Supple-
mentary Figs. 9-11). This strength and toughness are evident in
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Fig. 1| Design of tough, self-healable ionic conductor. a Schematic illustration of
a polymer featuring UPy-urea as the sole dynamic bond. When using UPy-urea as
the sole dynamic bond in a polymer, the strong hydrogen bonds between UPy-urea
units result in high mechanical properties. However, due to the strong hydrogen
bonds, the chain mobility is significantly reduced, greatly diminishing the poly-
mer’s self-healing ability. b Schematic illustration of a polymer featuring aromatic
disulfide as the sole dynamic bond. When using aromatic disulfide as the sole
dynamic bond in a polymer, the polymer enables efficient self-healing at room
temperature through disulfide exchange. However, when an ionic liquid is added to
the polymer as an ionic conductor, it disrupts the interaction between polymer
chains, resulting in significantly lower mechanical properties compared to the

polymer alone. ¢ Schematic illustration of a polymer featuring UPy-urea and aro-
matic disulfide as the dynamic bonds. In the case of disulfide exchange, self-healing
occurs through the breaking and reforming of dynamic covalent bonds, which
makes the impact of chain rigidity on self-healing efficiency relatively low. Addi-
tionally, due to the strong quadruple hydrogen bonding between UPy-urea units,
the ionic liquid cannot disrupt these strong bonds, allowing the ionic conductor to
maintain its high mechanical properties even with the addition of the ionic liquid.
Consequently, when using both UPy-urea and aromatic disulfide as the dynamic
bonds in a polymer, it is possible to design an ionic conductor that possesses high
mechanical properties and enables self-healing at room temperature.

Fig. 2e, where a small notched SHIC-1 film (0.001 kg) was able to lift a
6 kg dumbbell, 6000 times heavier than the film’s weight. Further-
more, even with the addition of 30 wt% ionic liquid to SHP-1, sufficient
to achieve high ionic conductivity (2.30 x 10™*S/cm) for electrode
applications, it was observed that SHIC-1 (30 wt% EMIM TFSI) main-
tains a high toughness of 47.2 MJ/m® (Supplementary Fig. 12).

However, it was observed that a very high UPy ratio (PCL-Sg 4-Ug 6)
or the use of an alkyl group instead of a disulfide moiety (PCL-Ho ¢-Uog.4)
resulted in significantly low self-healing efficiency (Supplementary
Fig 13). Complete self-healing at room temperature was only achievable
with an appropriate ratio of UPy and aromatic disulfide (SHP-1) (Fig. 2f
and Supplementary Fig. 14). Through this molecular-level polymer
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Fig. 2 | Tough, self-healing polymers and ionic conductors. a Design of the
tough, self-healing elastomer and ionic conductor. b Stress-strain curves of the
dog bone prepared with SHP-1 (black), SHP-2 (red), and SHP-3 (blue) with a sample
width of 2 mm, a thickness of 2 mm, and a length of 10 mm at a loading rate of
100 mm/min. ¢ Stress-strain curves of the dog bone prepared with SHP-1 (black)
and SHIC-1 (red). d Graph comparing the toughness of materials. The data plotted

represents the mean and standard deviation (n =3, n means number of indepen-
dent experiments). e Images of lifting 6 kg dumbbell using SHIC-1 film and SHIC-1
film with notch. f Stress—strain curves of SHIC-1 dog bone healed at room tem-
perature. g A comparison of this work to recent work in self-healing ionic con-
ductors. (Supplementary Table 1).

design, our SHIC-1 shows autonomous self-healability even with the
highest fracture strength and toughness among the reported self-
healing ionic conductor (Fig. 2h and Supplementary Table 1).

Fabrication of self-healable sensors for electronic skin

In physiology, the somatosensory system comprises haptic, thermal
perception, proprioception, and pain sensing. By mimicking the
human somatosensory system, we have developed multiple fully self-
healable sensors utilizing our designed self-healing materials. Among
them, the most vulnerable part of these sensors is the self-healing
multimodal sensors, since they directly interact with the target object.
Among various sensor structures, we adopted a recently developed
stretchable multimodal sensor which is capable of independent strain
and temperature detection based on ion relaxation dynamics®. The
functionality of multimodal sensors is not affected by the dimensions
of the sensor structure. This makes them highly suitable for the self-
healing process, as the dimensions might slightly change during
mechanical damage and self-healing.

The multimodal sensor consists of a self-healing ion conducting
film (SHIC) sandwiched between two electrodes made of self-healing
polymer HU-PDMS with Ag flakes (Fig. 3a and Supplementary Figs. 15,
16). HU-PDMS, being immiscible with ILs, acts as an electrode binder to
prevent ionic liquid diffusion from SHIC (Supplementary Fig. 17). And
for the active layer, SHIC-1 with 5wt% EMIM TFSI, which exhibits the

highest temperature sensitivity, was selected (Supplementary Fig. 18).
The ion conductor’s parameters (bulk resistance and geometrical
capacitance) are measured at different frequencies, and relaxation
time (7) and normalized capacitance (C/C,) are used as variables. This
approach enables strain-insensitive temperature sensitivity within the
body temperature range (30 - 60 °C), regardless of large deformation
(e=0-50%) (Supplementary Figs. 19, 20). Similarly, normalized capa-
citance shows reliable temperature-insensitive strain sensitivity
(e=0-50%) (Supplementary Figs. 21, 22). Thus, this multimodality
enables both sensing functions within a simple and single structure,
eliminating the need for additional setup to decouple thermal sensi-
tivity from mechanical sensitivity.

The high mechanical toughness and autonomous self-healing
capabilities of SHIC-1 enable operation resilience after mechanical
damage, making this design advantageous as a self-healable multimodal
sensor. Interestingly, due to the chemical incompatibility between the
active layer (SHIC-1) and the electrode layer (HU-PDMS), healing is only
activated when they align properly (Fig. 3a), inducing autonomous
alignment during the healing process. Moreover, since the geometrical
properties (d and A) are canceled out in the variables (7 and C/C,) of the
multimodal sensor, the system ensures consistent outputs even after
damaging and healing processes (Fig. 3a). Figure 3b shows the self-
healing process of the damaged ionic and electronic conductor com-
ponents of the sensor. The healing process occurs spontaneously at

Nature Communications | (2024)15:9763


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53957-0

/ a Electrical Self-healing mechanism of multimodal sensor \
Damaged N Damaged
Y
ey R d/A
- ¢ m——  C o Ald
£ —
s S
S 7
(<]
» 1=RxC
SHIC HU-PDMS + Ag flake » cic
(Active material) (Stretchable electrode) Ci ivity guided o °
L
Pristine Self-Healed -
b Self-healing materials for multimodal sensor c Strain-insensitive temperature sensing d Temper: itive strain
13 1.7
( Self-healing ionic conductor )
sHic 1771 o (] er
1 1 & 1 |
11 0 12 = 15 |
Velol 1 el
1 1 1 1 =
1o 200um 11 200m ~ M
_ --! -t J En Pristine 8 13 | Pristine
- N £ —— 0% —e— 30°C
Self-healing electrode 30°C —o— 50% 12 - —e— 50°C
10 After healed After healed
@ 0% 1= @ 30°C
@ 50% 10 b @ 50 °C
9 1 1 1 1 1 1 1 1 1 1
33 3.2 3.1 3.0 0 10 20 30 40 50
Damaged Healed .
\ o J 1000/T (K1) Strain (%)
. . N . . Actuation of soft gripper and
- I
e Multimodal sensor real-time sensing f D. ge sensor real-t g 9 actuation sensing using flexion sensor
Cut 10000 %0
20 dayl Self-healed 4N 4N 80 —'. e 10
S P °
Glass AN 8000 + v ~70F o . ° o8
stick <0 — >
F 10 e 0 o _ e © 9 < 60 . °
£ I /\ 5 6000 ° o - o
D) o |d o le o S 50 |- o
Sensor OF % “I\~ e P o e % § g ° ° 14
e wdo [ 8 2N £or * o4 ®
|5l g 4000 ‘ 2oL .o
g&i'/'o S /.b Lo /'% foe o 2 1N b g20— ® ° 02
Ecoflex substrate| . o { K P o
Ezﬁ,“mmmm ,./o.io. 2000 ‘ ol ® °
Lt . ® . - 00
1 1 1 o L% 1 1 1 1 1 1 1
0 100 200 0 100 0 0 50 100 150 200 250 0 20 40 60 80 100 120 140 160
Time (s) Time (s) Overpressure (kPa)

Fig. 3 | Self-healable artificial sensors. a Schematic illustration of an electrical self-
healing mechanism of a multimodal sensor. b Optical microscope images of the
damaged and healed ionic conductor and electrode film showing the dis-
appearance of the scar after healing at room temperature for 2 days. ¢ Changes of In
(™) with respect to T (T, temperature) at various tensile strains (¢). The solid lines
show pristine sample data, and the dotted lines show self-healed sample data. In
(t™) is insensitive to strains. d Changes of C/C, with respect to tensile strain at
different temperatures. The solid lines show pristine sample data, and the dotted

lines show self-healed sample data. C/Cy is insensitive to temperature. e Camera
image showing the self-healing multimodal sensor pressed by a hot glass stick. This
self-healing multimodal sensor shows reliable multimodal sensing ability and self-
healing ability. f Plot of electrical characteristics of self-healing damage sensor as a
function of time while undergoing damage of different mechanical strength

(1-4 N). g Changes of bending angle of the soft gripper (black dots) and R/R, of the
flexion sensor (red dots) as a function of overpressure. The soft gripper made of
SHP-1 and SHP-2 can be actuated well after perforation.

room temperature without additional treatment, and the disappeared
scar is clearly observable. Figure 3¢, d demonstrate the temperature and
strain responsivity of the multimodal sensor after healing, with negli-
gible deviation compared to the pristine state (see Supplementary
Fig. 23). The real-time responses of the multimodal sensor are tested by
applying strain with a warm glass stick (Fig. 3e). The sensor shows
reliable and consistent responses to mechanical and thermal stimula-
tion even after cutting and healing processes, without signal distortion.

Another self-healing sensor is the damage sensor. The damage
sensor is made from SHIC-1 with 30 wt% EMIM TFSI. The damaged
sensor exhibits real-time responsivity to mechanical damage by sharp
objects (Fig. 3f). Upon damage, a large increase in resistance is
observed, and it quickly recovers to its original state, showing con-
sistent responses®. Unlike stretchable electronic conductors with
inorganic conductive fillers, the ion conductor requires only small
amounts of ionic molecules to form a conductive path in the polymer,

enabling immediate healing after damage (Supplementary Fig. 24). In
addition, their high toughness and elasticity enable the rapid refor-
mation of interface contact in the damaged area.

The final self-healing sensor is the flexion sensor, responsible for
perceiving actuation. The flexion sensor is composed of conductive
nickel particles embedded in SHP-3. An experiment was conducted by
applying strain to the sensor and measuring the change in resistance
(Supplementary Fig. 25). At low levels of strain, micro-Ni particles of the
flexion sensor form a conductive network, leading to a sharp decrease
in resistance®. Therefore, when the flexion sensor is positioned on the
outside of the gripper, a small strain is applied to the gripper during
actuation, resulting in a change in resistance. As a result, by measuring
resistance, the sensor can provide feedback to enable reliable operation
of pneumatic actuators. Figure 3g illustrates the flexion sensor’s
response to increased small strain applied to the actuator, leading to an
increase in bending angle and a decrease in resistance due to small
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strain. Additionally, the flexion sensor demonstrated reliable resistance
changes corresponding to the bending angle, even with repeated
actuations of the gripper (Supplementary Fig. 26).

Self-healable soft gripper with self-healable sensors
Next, we developed a soft pneumatic actuator for soft gripper appli-
cations (Fig. 4a)***. The prototype was fabricated using solely SHP.

The actuator consisted of 11 inflatable air chambers made of SHP-2
(modulus: 0.39 MPa) produced through thermal molding. To achieve a
large bending angle, the bottom layers were made with SHP-1 (mod-
ulus: 3.5MPa) (Supplementary Fig. 27). The 11 air chambers were
embedded onto the bottom layer at ambient conditions, and the self-
healing process ensured robust interface adhesions between the
chambers and the bottom layer. The resulting gripper exhibited a
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Fig. 4 | Demonstration of tough, self-healable, and somatosensitive soft robot.
a Schematic illustration of the robust, self-healing soft robot with a stretchable
multimodal sensor, damage sensor, and flexion sensor. All components of the soft
robot are constructed from durable, self-healing elastomer, along with resilient and
self-healing conductors and ionic conductors. b Schematic illustration of the
autonomous restoration of actuating and sensing functions. Thanks to the inherent
high toughness and self-healing properties of the soft robot’s materials, it is capable
of automatic mechanical and electrical self-repair, facilitating the restoration of
actuating and sensing functions. ¢ Photographs of a soft robot grabbing three
objects. d Real time sensing of grabbing three objects. Multimodal sensor and
flexion sensor recognized mechanical stimuli, thermal stimuli from target objects

and actuation of grippers accurately. e Photographs of the self-healing soft gripper.
After cutting the gripper in half, the grippers were attached to each other. After
some time, a self-healed gripper could be actuated well. f Photographs of self-
healing from actuation-ability damage. After applying the notch to the gripper, we
measured the maximum actuation capability of the soft gripper over time. The
yellow-dotted illustration shows the maximum actuation capability of a pristine
soft gripper. g Graph comparing changes of bending angle with respect to the
applied volume of air (Pristine gripper, self-healed gripper, gripper under healing,
and damaged gripper). h Photographs and graph of real-time sensing of the
somatosensory system and healing from tactility damage.

substantial bending angle (>81°) and the ability to grab various objects
(Supplementary Figs. 28, 29).

To impart sensing abilities to self-healing gripper, the self-healing
multimodal sensor and two damage sensors are located at the fingertip
and the flexion sensor is placed at the back of the finger (Fig. 4a and
Supplementary Fig. 30). When the soft robot grabs the unknown object,
the soft robot can obtain information about grabbed object through the
multimodal sensor (Fig. 4a, Supplementary Figs. 31, 32, and Supple-
mentary Movies 1, 2). Additionally, the flexion sensor provides accurate
bending angle data, enabling more precise operation (Supplementary
Movie 3). Furthermore, when the soft robot is damaged, the DS bonds
enable a rapid self-healing process through main chain shuffling via
disulfide metathesis between polymer chains, occurring at room tem-
perature. Meanwhile, the UPy moieties impart good elasticity and
fracture toughness by crosslinking the polymer chains through quad-
ruple hydrogen bonding (Fig. 4b). Consequently, the designed soft
robot exhibits high durability and resilience, ensuring the reliable
operation even under challenging environments. In Fig. 4c, the soft
gripper is shown, consisting of three soft actuators acting as fingers.
These self-healing sensors allow the gripper to perceive mechanical and
thermal stimuli from the target object and sense the bending motion of
the soft gripper itself while grasping various objects (Fig. 4d).

The self-healability of the somatosensitive soft gripper was then
tested. Since the gripper is made entirely of SHP, even a complete cut
could be healed at room temperature (Fig. 4e). There are two types of
malfunctions due to damage: (1) disabled actuation and (2) disabled
sensation. Figure 4f illustrates the first case, where the pressure
responsivity of the damaged actuator is disabled. Damage, especially
penetration, prevents the actuator from responding to applied pres-
sure due to air leakage through the scar. As healing progresses and the
scar size decreases, the actuator partially recovers its responsivity.
After sufficient time for the self-healing process, the scar fully heals,
and the original actuating performance is restored. The entire process
of damaging and healing can be monitored by the flexion sensor,
which fulfills its role akin to biological systems (Fig. 4g). By comparing
the applied volume of air with the flexion sensor’s responsivity, it is
possible to determine if the flexion sensor is operating normally and to
track the progress of self-healing. Figure 4h demonstrates the second
case of malfunction caused by damage affecting tactile sensation. In
the pristine state, both the flexion sensor and multimodal sensor
(temperature and strain sensing) respond well during grasping beha-
vior with applied pressure, as seen in the early period of Fig. 4h.
However, when damage is applied to the fingertip using a sharp object
to simulate a disabled sensation, the damage sensor instantly senses
the damage, as depicted in the initial period of the damaged state in
Fig. 4h. Due to electrical disconnection at the fingertip region, the
multimodal sensor loses its function, resulting in no responsivity to
temperature and strain sensing, even though the object contacts with
the gripper. Information from the flexion sensor indicates that the
gripper’s actuation is still functioning well in the damaged state, sug-
gesting that the damage did not cause penetration of the body. After
some time, the self-healing of the multimodal sensor enables the
recovery of temperature and strain sensing under actuation. Thus, it is

confirmed that self-healing is applied not only to the actuator body
itself but also to the artificial somatosensory system. Particularly in a
self-healing device, such a self-diagnosis system is indispensable for
confirming the successful functioning of the healing process.

Discussion

By incorporating two types of dynamic bonds into the polymer system,
we have developed an elastomer and ionic conductor that possesses
both excellent mechanical properties and efficient self-healing cap-
ability at room temperature. The self-healing capability was imparted
by introducing an aromatic disulfide moiety, while a UPy moiety was
added to maintain strong mechanical properties even with the incor-
poration of an ionic liquid. Only when both dynamic bonds are used
together in the proper ratio can the ionic conductor achieve ultra-high
toughness and self-healing properties simultaneously. We have
developed various sensors for fully self-healable electronic skin and
actuators, which can be applied to self-healing somatosensitive soft
robotic systems. We believe that our material design strategy will
significantly advance the progress of self-healing soft electronics.

Methods

Materials

Poly(caprolactone) diol (Mn=1000gmol™) was purchased from
Human Juren Chemical Hitechnology (China). Isophorone diisocyanate
(98%), 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(EMIM TEFSI), 3-ethyl-1-methyl-1H-imidazol-3-ium Bis(fluorosulfonyl)
azanide (EMIM FSI), and bis(4-hydroxyphenyl) disulfide (98%) were
purchased from TCI (Japan). N,N-dimethylacetamide (DMAc, 99.8%),
guanidine carbonate salt (99%), absolute ethanol, triethylamine
(99.5%), a-acetylbutyrolactone (99%), Ag flake (99.9%), hexamethylene
diisocyanate (99%), Dichloromethane, 4-benzoylbenzoic acid (99%),
poly(ethylene glycol) (Mn=2000 gmol™), 4-(Dimethylamino)pyridine
(99%), EDC-HCI, Hydrochloric acid, Magnesium sulfate, 4,4-Methyle-
nebis(phenyl isocyanate) (98%), methanol (anhydrous, 99%), chloro-
form (anhydrous, 99%), 4-methyl-2-pentanone (99%), and dibutyltin
dilaurate (DBTDL, 95%) were purchased from Sigma-Aldrich (USA).
Aminopropyl-terminated polydimethylsiloxane (aminopropyl termi-
nated PDMS) (Mn =1000 gmol™) was purchased from Gelest (USA). All
materials were used without purification.

Synthesis of 2-amino-5-(2-hydroxyethyl)—6-methylpyrimidin-
4(3H)-one (UPy)

UPy was prepared according to the published procedures®. A mixture
of a-acetylbutyrolactone (2.2 mL, 20 mmol) and guanidine carbonate
(1.5g, 20 mmol) was refluxed with absolute ethanol (20 mL) in the
presence of triethylamine (5.5mL, 40 mmol) for 1h; the mixture
became clear, then precipitated a pale yellow solid. The reaction was
continued for 4 h. The precipitate was filtered, washed with ethanol
and dried under vacuum to afford 1.16 g of UPy (69%) as a white solid.

Synthesis of pre-polymer for SHP
Poly(caprolactone) diol (20 g, 20 mmol) was placed in a dried 3-neck
round-bottom flask equipped with a mechanical stirrer and heated in
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an oil bath at 100 °C under vacuum for 1h under Ar atmosphere to
remove any moisture. And then it cooled to 70 °C. Isophorone diiso-
cyanate (8.892g, 40 mmol) and DBTDL (20 ul) dissolved in DMAc
(10 ml) were added to the reaction vessel, with stirring continued for
2 h under Ar atmosphere.

SHP-1. After the pre-polymer had been synthesized, the reactor was
cooled to 65 °C and bis(4-hydroxyphenyl) disulfide (3 g, 12 mmol), UPy
(1.35344 g, 8mmol), and triethylamine (20 ul) dissolved in DMAc
(20 ml) were added dropwise to the reactor. The reactor was cooled to
40 °C and the reaction was continued for under Ar atmosphere. And
then the reactor was heated to 85°C, with stirring continued for
overnight under Ar atmosphere.

SHP-2. After the pre-polymer had been synthesized, the reactor was
cooled to 65 °C and bis(4-hydroxyphenyl) disulfide (4 g, 16 mmol), UPy
(0.67672g, 4 mmol), and triethylamine (20 ul) dissolved in DMAc
(20 ml) were added dropwise to the reactor. The reactor was cooled to
40 °C and the reaction was continued for under Ar atmosphere. And
then the reactor was heated to 85°C, with stirring continued for
overnight under Ar atmosphere.

SHP-3. After the pre-polymer had been synthesized, the reactor was
cooled to RT and bis(4-hydroxyphenyl) disulfide (5g, 20 mmol), dis-
solved in DMAc (20 ul) were added dropwise to the reactor. The
reactor was heated to 40 °C and the reaction was continued for under
Ar atmosphere. And then the reactor was heated to 85 °C, with stirring
continued for overnight under Ar atmosphere.

PCL-So 4-Uo 6. After the pre-polymer had been synthesized, the reactor
was cooled to 65°C and bis(4-hydroxyphenyl) disulfide (2 g, 8 mmol),
UPy (2.03g, 12mmol), and triethylamine (0.1g) dissolved in DMAc
(20 ml) were added to the reactor. The reactor was cooled to 40 °C and
the reaction was continued under the Ar atmosphere. And then the
reactor was heated to 85 °C, with stirring continued overnight under the
Ar atmosphere. After polymers had been synthesized, the reactor were
worked up by adding excess methanol. And then, the solvent was eva-
porated at 130 °C overnight in a vacuum oven. After SHPs was dissolved
in THF, the product was washed with methanol three times.

Synthesis of HU-PDMS for self-healing electrode

After dichloromethane was placed in a dried glass vessel, the reactor
was cooled to 0°C, and triethylamine and aminopropyl terminated
PDMS were added to the reactor. Then hexamethylene diisocyanate
was added dropwise to the reaction vessel with stirring continued for
1h under Ar atmosphere. After the polymer had been synthesized, the
reactor was heated to room temperature and worked up by adding
excess methanol. Methanol was evaporated by a rotary evaporator.
After HU-PDMS was dissolved in chloroform, the product was washed
with methanol three times. The product was dried at 50 °C for 3 h and
further dried at 50 °C for overnight in a vacuum oven.

General measurements

'H NMR spectroscopy was recorded on a 400 MHz spectrometer
(Varian, USA) in deuterated solvents at room temperature. Size
exclusion chromatography (SEC) was performed in N,N-dimethylfor-
mamide at 45 °C with a flow rate of 1 ml/min on an Agilent 1260 Infinity
system (Santa Clara, CA). The instrument is equipped with a 1260
refractive index detector and one PSS GRAM analytical 100 A column
in series with a molar mass range 300-60,000 g mol™, two PSS GRAM
analytical 10,000A columns in series with a molar mass range
10,000-50,000,000 g mol™. The molar masses of the polymers were
calculated relative to linear polystyrene standards obtained from
Agilent Technologies. Scanning Electron Microscope (SEM) image was
acquired on an S-4800 (Hitachi, Japan).

Sample preparation

Preparation of SHP film. DMAc solution of SHP was cast onto a Teflon
sheet and heated at 100 °C for 48 h and further dried for 24 h at 110 °C
in a vacuum oven.

Preparation of SHP dog bone. SHP film was prepared using a hot-
press machine (QMESYS, Korea) and pressed into Teflon molds at
130 °C and 100 bar for 5 min.

Preparation of SHIC film. SHP polymers were dissolved in DMAc
(200 mg/ml) along with EMIMTFSI (5 wt%). After dissolving, the solu-
tion was degassed and cast into a surface treated glass, and evaporated
at 80 °C overnight. Then the film was further dried for 12h at 80 °Cina
vacuum oven (film thickness = 100-150 pm).

Preparation of SHIC dog bone. SHIC film was prepared using a hot-
press machine (QMESYS, Korea) and pressed into Teflon molds at
130 °C and 100 bar for 5 min.

Mechanical and self-healing tests

Mechanical and self-healing properties were examined with a universal
testing machine (UTM) (Instron 68SC-1, USA), loaded with a 1kN load
cell, and driven at a constant crosshead speed of 1000% min™ at room
temperature. A 2-mm-thick dumbbell-shaped sample (IEC-540(S)),
with a gauge length of 10 mm and a width of 2 mm, was cut in half with
a blade and then reattached to evaluate its self-healing properties. For
fracture tests, A 200-um-thick film with a gauge length of 10 mm and a
width of 40 mm was prepared. And for a notched sample, a notch of
20 mm length was made. The strain rate for the fracture test was
1000% min™. Values of all properties were determined according to
data from at least three trials.

Fabrication of sensors

Self-healing stretchable electrode. HU-PDMS was dissolved in 4-
methyl-2-pentanone (600 mg/ml). Then Ag flake (10 um size) was added
to HU-PDMS solution. The self-healing stretchable electrode solution
was obtained through stirring for 5 min by thinky mixer.

Self-healing artificial multimodal sensor. After covering the SHIC-1
film with a PET mask, a self-healing stretchable electrode solution was
dropped. Then 8 mm x 20 mm of an electrode was gained by stencil
printing. After the electrode was dried at 50 °C for 3 h, the bottom
surface was also printed with the same process. In this case, the area of
the upper and lower overlapping electrodes is 5 mm x 10 mm, and the
size of the active layer (SHIC) is the same.

Self-healing damage sensor. SHP-1 was dissolved in DMAc (250 mg/
ml) along with EMIM FSI (30 wt%). After dissolving, the solution was
degassed and cast into a surface treated glass, and evaporated at 80 °C
overnight. Then, the film for the damaged sensor was further dried for
12 h at 80 °C in a vacuum oven (film thickness = 150-200 um).

Self-healing flexion sensor. SHP-3 and micro-Ni powder (3:1in weight
ratio) were dissolved in Chloroform (500 mg/ml). After dissolved, the
solution was degassed and cast into a surface treated glass, and eva-
porated at RT overnight. Then the flexion sensor was gained.

Electrical self-healing tests

Electrical self-healing properties were examined with electrochemical
impedance spectroscopy (WonAtech, Korea). First, Impedance of
artificial multimodal sensor was measured. Then artificial multimodal
sensor was cut in half with a blade and then reattached. After some
time, the impedance of cut artificial multimodal sensor was measured.
Then, we compared the impedance of self-healed one and the
previous one.
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Self-healing soft gripper

An extensive layer of soft gripper was made of SHP-2. SHP-2 polymers
were filled in Teflon mold for an extensive layer and then pressed at
130 °C for 30 min using a hot-press machine to remove any bubbles.
Inextensive layer of soft gripper was made of SHP-1 in the same way as
before. After inextensive layer was heated at 90 °C, two layers were
attached together, and completely stuck while self-healing.

Impedance measurement

Impedance was measured on Electrochemical Impedance Spectro-
scopy (WonAtech, Korea). The applied AC potential was 300 mV and
the frequency scanned from 1 Hz to 1 MHz. The sensor was connected
to the electrochemical impedance spectroscopy by the conductive Ni
tape. The sensor attached to the homemade stretcher was in contact
with the rheometer (MCR302; Anton Paar, Austria). A rheometer was
used to change the temperature. A homemade stretcher was used to
change the strain.

Thermal and mechanical measurement

An artificial multimodal sensor for thermal and mechanical stimuli
sensing was attached to the soft gripper. The measurement method
was used according to published procedures®. Impedance was mea-
sured at two frequencies (200 Hz, 5 x 10° Hz) alternatively using Elec-
trochemical Impedance Spectroscopy (WonAtech, Korea). The data
points were obtained every 2 s. R was measured from Z. at 200 Hz, and
C was measured from Zim at 5 x 10° Hz. Temperature was calculated
using charge relaxation time (RC) values. The strain was calculated
using normalized capacitance (C/Co).

Damage measurement

Electrical measurements of the self-healable electrodes were per-
formed using an LCR meter (Hewlett Packard 4284a) while introducing
various levels of force into the electrodes with a razor blade. The force
of the razor blade on the electrode was measured by the Force Gauge
Model (MARK-10, USA).

Actuation measurement

Electrical measurements of the actuation sensors were performed
using an LCR meter (Hewlett Packard 4284a) while introducing various
bending angles by air pressure.

Data availability

The data that support the findings of this study are available within this
article and its Supplementary Information. Source data is provided as a
Source Data file. Additional data were available from the correspond-
ing author upon request. Source data are provided with this paper.
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