
6676 |  Mater. Adv., 2021, 2, 6676–6683 © 2021 The Author(s). Published by the Royal Society of Chemistry

Cite this: Mater. Adv., 2021,

2, 6676

Fabrication of an autonomously self-healing
flexible thin-film capacitor by slot-die coating†

Susanna Vu,‡a Gnanesh Nagesh,‡b Nastaran Yousefi,‡a John F. Trant, a

David S.-K. Ting, b M. Jalal Ahamed *b and Simon Rondeau-Gagné *a

Flexible pressure sensors with self-healing abilities for wearable electronics are being developed, but

generally either lack autonomous self-healing properties or require sophisticated material processing

methods. To address this challenge, we developed flexible, low-cost and autonomously self-healing

capacitive sensors using a crosslinked poly(dimethylsiloxane) through metal–ligand interactions pro-

cessed into thin films via slot-die coating. These films have excellent self-healing properties,

approximately 1.34 � 105 mm3 per hour at room temperature and 2.87 � 105 mm3 per hour at body

temperature (37 1C). Similarly, no significant change in capacitance under bending strain was observed

on these flexible thin-films when assembled on poly(ethyleneterephthalate) (PET) substrates; capacitors

showed good sensitivity at low pressure regimes. More importantly, the devices fully recovered their

sensitivity after being damaged and healed, which is directly attributed to the rapid and autonomous

self-healing of the dielectric materials.

1. Introduction

Through the Internet of Things (IoT), numerous household,
consumer, and industrial objects are constantly acquiring and
transmitting a large amount of data wirelessly, enabling new
communication modes between humans and our
possessions.1,2 Through this avenue of data collection and
transmission, the IoT is inventing ever-emerging opportunities
for more direct integration of the physical world via the
introduction of various sensors into computer-based systems
in many industry-oriented and user-specific applications.3,4 It
is expected that the IoT will deliver significant economic
benefits, enable technological improvements, and reduce
human exertion.5 Together, this will improve human produc-
tivity by automating evermore tedious and mundane tasks.
Important progress has been made in multiple scientific areas
toward next generation electronics capable of being molded in
different shapes and forms, and that can be utilized directly on
(or inside) the human body to enhance our connectivity to the
environment. Ultimately, new applications such as persona-
lized healthcare and large-scale energy production can be

developed through this progress.6–10 Among others, capacitive
devices and sensors are becoming an integral part of next-
generation electronics and are particularly promising for the
detection of multiple stimuli, including pressure.11–13 In recent
years, a plethora of stretchable/flexible capacitors have been
fabricated with various materials.14–16 A capacitor is formed
when two parallel plate electrodes are separated by a dielectric.
The change in the separation gap (dielectric layer) between the
top and bottom electrode, as well as the dielectric material
nature can dramatically enhance the capacitive sensing. This
constitutes a particularly promising platform to develop new
materials and processing techniques to trigger innovative prop-
erties in electronics.

Among these new properties, autonomous self-healing
attracts a lot of attention for the fabrication of next-generation
electronics.17,18 Defined as the capability of a material to
regenerate and restore partially or completely its initial proper-
ties after suffering from damages (strain, puncture, cracks,
etc.), self-healing can be intrinsic to a given material, or require
external stimuli (such as heating or pressure) to be triggered.19

Particularly promising for the development of advanced elec-
tronics and biotechnology, there has been a constant effort to
develop novel strategies and materials designs to enable rapid
and autonomous self-healing, without the use of external
triggers or complex methodology.20–23

The literature on soft pressure sensors from capacitors is rich,
with many reports of high-performance devices prepared from a
multitude of materials that have been comprehensively reviewed
throughout recent years.24,25 Additionally, high-performance

a Department of Chemistry and Biochemistry, University of Windsor, Ontario,

N9B 3P4, Canada. E-mail: srondeau@uwindsor.ca
b Department of Mechanical, Automotive and Materials Engineering, University of

Windsor, Windsor, Ontario, N9B 3P4, Canada. E-mail: M.Ahamed@uwindsor.ca

† Electronic supplementary information (ESI) available: Detailed experimental
procedures for all new compounds, and a complete characterization of materials
and devices. See DOI: 10.1039/d1ma00656h
‡ These authors contributed equally to this work.

Received 28th July 2021,
Accepted 12th September 2021

DOI: 10.1039/d1ma00656h

rsc.li/materials-advances

Materials
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 9
:3

8:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-4780-4968
http://orcid.org/0000-0002-0919-6156
http://orcid.org/0000-0002-3346-6187
http://orcid.org/0000-0003-0487-1092
http://crossmark.crossref.org/dialog/?doi=10.1039/d1ma00656h&domain=pdf&date_stamp=2021-09-20
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00656h
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA002020


© 2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 6676–6683 |  6677

pressure sensors from other types of devices, including organic
field-effect transistors, and high-performance dielectric materials
have also been reported.26,27 However, the incorporation of self-
healing materials into electronic devices is much less common
despite being particularly attractive to improve their operational
lifetime, especially in applications where they are susceptible to
wear and fractures due to different movements. In recent years,
several researchers reported the fabrication of flexible sensors with
self-healing materials/properties. Among others, Bao and co-workers
reported an elastic autonomous self-healing capacitive sensor based
on a combination of dynamic metal-coordinated bonds and hydro-
gen bonds as a dielectric layer that could achieve up to 98% of its
healing efficiency after 48 hours at 25 1C and demonstrated good
electrical recovery.28 In another study, Wang et al. developed a
pressure sensor using a ternary composite polymer system with
high stretchability, self-healing properties, and solution-processing
compatibility that demonstrated a pressure sensitivity of 37.6 kPa�1

for low pressure range of 0–0.8 kPa.29 Other examples of self-healing
pressure sensors have been reported using hydrogels. For example,
Zhu et al. used a smart ionic gelatin/polyacrylamide/nano-clay
hydrogel with high conductivity, robust adhesion properties and
self-healing properties to design self-healing capacitive sensors.30

The resulting sensors showed good sensitivity (0.11 kPa�1), and the
capacitance responded up to 2 kPa in a largely linear manner. More
importantly, the devices prepared from the hydrogel materials
showed rapid self-healing, reaching a self-healing efficiency of
85% after 60 min. Despite the emergence of numerous new
materials based on a myriad of self-healing strategies (encapsulation
of healing agents, dynamic crosslinking, shape-memory effects),
self-healing electronics remain a relatively emerging field; new
materials and fabrication processes need to be fully integrated
toward autonomously self-healing electronic devices capable of
being manufactured at low cost.

Recently, our team developed a novel self-healing material
based on poly(dimethylsiloxane) (PDMS) (Fig. 1a).31 Chemically
designed to enable an autonomous intrinsic self-healing at the
molecular level, dynamic imine and metal–ligand bonds were
incorporated in a commercially available PDMS derivative to
generate the new materials. The unique property of this mate-
rial is that it can be prepared in large-scale at low cost and fine-
tuned in terms of thermomechanical properties by a careful
selection of the metal center used in the supramolecular
crosslinking.32 Capacitive pressure sensors and microfluidic
devices were fabricated using this material, and the devices
showed particularly efficient self-healing at room temperature
(Fig. S2, ESI†).31,33 While self-healing devices were demon-
strated in previous work with our new materials, the fabrication
of thin-film electronics, such as capacitive or resistive devices,
remains a challenge, as self-healing is a phenomenon highly
dependent on the polymer segmental mobility.34,35 Given the
need for thin and ultrathin layers in these devices, high self-
healing efficiencies can be difficult to achieve in these electro-
nics due to the small amount of materials being present to
restore the damaged area and solid-state properties. Moreover,
the integration of the self-healing materials into electronic
devices can be challenging due to poor materials compatibility

and the difficulty of processing on different substrates. There-
fore, new materials and methods for the fabrication of auton-
omous self-healing thin film devices are still highly desirable.

Herein, we report the fabrication of new autonomous self-
healing capacitive sensors based on an intrinsic self-healing
dielectric. In order to fabricate the materials in the most
straightforward and reliable manner possible, a poly(ethylene-
terephthalate) (PET) substrate coated with silver ink was uti-
lized. The dielectric self-healing materials was then deposited
as a thin layer on top of this platform via slot-die coating
(Fig. 1b), which allowed for a uniform and controlled deposi-
tion of the self-healing dielectric. To finalize the fabrication of
the device, PEDOT:PSS, a conductive polymer known for its self-
healing capabilities, was printed using slot-die coating.36 The
resulting capacitors, depicted in Fig. 1c and d, were character-
ized extensively through multiple techniques in order to fully
unveil their electronic properties before and after healing.
Moreover, given that self-healing in thin films can be challen-
ging, a detailed characterization of the materials’ self-healing
was performed through optical microscopy. The resulting
devices were found to be completely flexible/bendable without
any compromise to their electronic properties after complete
damage and self-healing. Additionally, the application of the
new thin-film capacitors in pressure sensing was demon-
strated. The new self-healing electronics can be manufactured
rapidly at low cost, thus opening new avenues for self-healing
electronics to be integrated into various platforms for a diverse
number of applications.

Fig. 1 (a) Crosslinking of pre-polymer 1 with Fe(II) metal ions; (b) slot-die
coater used for printing films on PET substrate; (c) schematic (left) and the
actual (right) PET substrate with dielectric film (polymer 1) printed on top,
and (d) schematic (left) and the actual (right) PET substrate with dielectric
(polymer 1) and top electrode (PEDOT:PSS) films printed on top. Yellow,
purple, and blue colors correspond to silver ink, dielectric (polymer 1), and
PEDOT:PSS respectively.
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2. Results and discussion
2.1 Materials preparation and processing

To fabricate the self-healing capacitive sensors, a self-healing
PDMS-based dielectric material was prepared according to our
previously reported procedures.31,32 Briefly, a pre-polymer
containing dynamic imine bonds was prepared from the con-
densation of aminopropyl-terminated PDMS and pyridine 2-
carboxaldehyde. The pre-polymer was then crosslinked by
generating intermolecular supramolecular metal–ligand inter-
actions through metal coordination with Fe(BF4)2 to afford the
self-healing dielectric, polymer 1 (Fig. 1a). Based on previous
reports, Fe(II) was chosen as metal crosslinker given its optimal
thermomechanical properties (resistance to fracture and
Young’s modulus) and good bulk self-healing efficiency. How-
ever, it is important to note that this system can be completely
fine-tuned as the self-healing efficiency and resistance to
fracture can be directly rationally controlled and predicted by
coordination bond lengths (strength of the M–L interactions)
and size of the counter-ions. Upon preparation of the materials,
a solution was prepared in chloroform in order to further
process the materials in thin films. Slot-die coating was
selected to prepare and process the different layers of the
printed capacitor as it is particularly advantageous for a rapid
patterning of soft substrates with minimal wastes. Fig. 1b
presents a schematic of the slot die coating instrument used
for the dielectric deposition (polymer 1).

To prepare the self-healing device, a PET substrate was
coated with silver inks prior to dielectric deposition. Finally,
PEDOT:PSS top electrode, a material known for its versatility
and self-healing properties, was deposited via slot-die coating
on top of the dielectric layers. The detailed procedure for the
deposition of different materials through slot die coating and
their properties is provided in the ESI.† The images of slot-die
coated dielectric polymer 1 with and without the PEDOT:PSS
electrode on the PET substrate are displayed in Fig. 1c and d
respectively. The purple film represents the self-healing dielec-
tric (polymer 1), whereas the coating blue film is PEDOT:PSS. As
shown in the images, the deposited materials have a consistent
coverage over the area of interest.

2.2 Thin film self-healing

Self-healing mechanisms are often based on the generation of
mobility; the damaged area (crack, hole or scratch) can be
healed only once a mobile polymer phase is generated that can
close the crack or scratch.34 Mostly evaluated in bulk, self-
healing in a thin film can therefore be more challenging as the
quantity of materials is limited and the generation of mobile
polymer chains can be more difficult. Therefore, to gain insight
on the self-healing behavior of the dielectric materials in thin
films, the self-healing property of polymer 1 was first investi-
gated directly on the PET platform. In order to generate
damage, the layered assembly was immersed in liquid nitrogen
(�78 1C) for a few seconds. Using this approach, we were able to
introduce cracks with different depths and widths (average
depth and width of 435.2 mm and 20.5 mm respectively in

0.09 cm2) into the coated film. Following the generation of
structural damage, the cracked films were imaged using an
optical microscope and the healing process was monitored over
24 hours to establish the efficiency of material self-healing at
room temperature, and the results are depicted in Fig. 2a and b.
Within only 10 hours, the damaged area (crack) had already
substantially closed (meaningful gap coverage) (see ESI,†
Fig. S3 and Video S1) and was fully healed after 24 hours at
room temperature. The self-healing efficiency of dielectric films
was further studied at human body temperature, 37 1C, to
probe its potential in wearable electronics. Fig. 2c and d shows
the optical microscope images of the cracked dielectric film
and the healed film. As shown in Fig. 2d, there is a significant
increase in self-healing efficiency of dielectric material at 37 1C
and the film is healed completely after only 5 hours. Addition-
ally, the dielectric film self-healing efficiency was studied at
50 1C and showed significant gap coverage over the course of
2 and 7 hours for the gap width of approximately 12 mm and
32 mm with 435.2 mm depth (Fig. S5, ESI†). This improvement of
the self-healing kinetic is not unexpected, as an increase
temperature will promote the generation and flow rate of the
mobile polymer phase, thus favoring the restoration of the
initial morphology. The optical microscope images of the crack
at different time intervals prior to full healing is provided in
ESI,† Fig. S3–S5. Additionally, atomic force microscopy was
used to probe for the nanoscale morphology, which confirmed
that the films are smooth and do not show any metal clusters or
aggregated domains (Fig. S6, ESI†). Overall, this evaluation of
the self-healing kinetics at room and human body temperature
demonstrates the efficiency of the self-healing in thin films and
confirms the strong potential of polymer 1 for wearable electro-
nic applications.

Upon self-healing characterization of the dielectric film on
the PET platform, a PEDOT:PSS electrode of was deposited

Fig. 2 Self-healing of polymer 1 in thin films visualized by optical micro-
scopy (a) before and (b) after 24 hours of healing at room temperature, and
(c) before and (d) after 5 hours of healing at human body temperature
(37 1C).

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 9
:3

8:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00656h


© 2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 6676–6683 |  6679

(thickness of 74.6 � 7 nm measured by profilometer) on top of
the dielectric through slot-die coating. Importantly, PEDOT:PSS
was chosen as a soft electrode to complete the capacitor’s
structure given its good conductivity, favorable thermomecha-
nical properties and previously reported self-healing properties.
In order to achieve a smooth and uniform film, an aqueous
suspension of PEDOT:PSS was mixed with polyethylene glycol
and glycerol in 2-propyl alcohol, and was further printed on the
layered assembly.37 The complete procedure for depositing the
PEDOT:PSS layer is detailed in ESI.†

2.3 Device characterization

Upon characterization of the printed layer assembly and con-
firmation of successful self-healing of the dielectric layer at the
microscale, the new fully printed thin-film capacitors were
characterized to investigate how the capacitance values change
in response to pressure. First, we investigated the impact of
bending on device performance. The results are summarized in
Fig. 3. Devices were put under bending strain and their capa-
citance was measured. As shown in Fig. 3a, the capacitance
measurements were carried out for devices with different sur-
face areas under three different points along the stress-release
process temporal axis: before applying any bending strain in
the flat position, under bending strain and in the curved
position, and after releasing the bending strain and back in
the flat position. When the capacitor is curved (concave) and is
under strain, the top electrode is expected to experience higher
stress (stretching) than the dielectric layer and the bottom
electrode. This increased force on the top electrode can poten-
tially lead to crack formation and propagation upon bending
strains, resulting in a general decrease in device performance.
Notably, for our new self-healing capacitors, no significant
change in capacitance was observed under bending strain. This
was true regardless of the area of the capacitors. Capacitors
with surface area of 0.25, 0.5 and 1.0 cm2 show an average
capacitance value between 3.0 and 3.5 pF, which is typical for
capacitors made from similar elastomeric materials.16 For the
capacitors with electrode area of 1.5 cm2, a slightly higher value
of capacitance was measured (4.5 pF). More interestingly, in
cases where the capacitance increases (1.0 cm2) or decreases
(1.5 cm2) upon bending, the values are restored immediately
after the release of the bending strain. This tolerance to strain

can be attributed to the loading and unloading linearity of the
elastic modulus showing favorable mechanical properties of
PEDOT:PSS and to the high deformability of the different
layers. Nonetheless, all printed capacitors showed good toler-
ance to mechanical stress and stable capacitance values, inde-
pendent of the bending mode.

After evaluating the effect of bending strain on the device
performance, devices were subjected to pressure tests. To
achieve this, a pressure, ranging from 0 to 2.0 kPa, was applied
by loading a series of weights (1 to 20 grams) on capacitors and
monitoring the change in the capacitance values. Pressure is
defined as force divided by the area, so the applied pressures
were calculated based on the mass and surface area of the
weights used. The capacitance variation upon applied pressure
has been evaluated for different capacitor areas, and the results
are depicted in Fig. 3b and Fig. S7 (ESI†). In all the studied
cases, the capacitance change is more significant in the low-
pressure range (0–1 kPa) and becomes less sensitive at higher
pressure ranges (1–2 kPa). This can be attributed to the low
thickness of the dielectric layer which makes it less sensitive to
deformations at high pressures, exhibiting a clear ceiling effect.
To obtain a better comparison with other capacitive pressure
sensors, the pressure sensitivity of the self-healing capacitors
was calculated. The pressure sensitivity (S) can be defined as
the slope of the traces in Fig. 3b (S = D(C � C0)/Dp), where
p denotes to the applied pressure, and C and C0 are the
capacitances with and without applied pressure, respectively.
The pressure sensitivity of the sensors with 0.25 and 1.5 cm2

areas are 0.15 and 0.23 kPa�1 for the 0–1 kPa range and
0.02 and 0.05 kPa�1 for 1–2 kPa range, respectively. As the
sensor area increases from 1.5 to 2.0 cm2, the pressure sensi-
tivity significantly decreases to 0.09 kPa�1 for the 0–1 kPa and
0.03 kPa�1 for 1–2 kPa range (Fig. 3b and Fig. S6, ESI†).
Although the highest sensitivity, 2.9 kPa�1, for the low-
pressure range (0–1 kPa) belonged to the sensor with 1.0 cm2

area (Fig. S6, ESI†); this sensor had the lowest sensitivity,
0.02 kPa�1, at the higher-pressure range (1–2 kPa). These
results demonstrate that an increase in the capacitor area leads
to a decrease in sensor sensitivity. Importantly, this decrease is
more prominent in the lower pressure domain as illustrated by
an almost two orders of magnitude drop in sensitivity when the
sensor area goes from 1.0 cm2 to 2.0 cm2 (0–1 kPa regime). As

Fig. 3 (a) Static measurement of capacitance as a function of curvature for flat (1/r E 0) and curved (1/r = 0.17) positions for different capacitor areas,
and (b) representative capacitance variation as a function of applied pressure, for capacitors with 0.25 (red) and 1.5 cm2 (green) electrode area.
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expected, an increase in capacitive sensor area increases the
capacitance response, whereas a decrease in aspect ratio (width
to length ratio) reduces the linearity response of the sensor.38,39

Importantly, this analysis confirms that the form factors of the
capacitor can be carefully fine-tuned to either increase the
sensor sensitivity or its linearity. Additionally, the variation in
the capacitance upon different applied pressure is an indica-
tion that the PEDOT:PSS top electrode is fully compressed and,
as a result, pressure is sensed by the dielectric layer. Conse-
quently, the change in the dielectric thickness (reduced thick-
ness) results in the change in the capacitance. This further
clarifies the decrease in sensor sensitivity in the lower pressure
range (0–1 kPa) as the capacitive sensor area increases.

In addition to this in-depth characterization of the sensors
and sensitivity towards different pressures, dynamic pressure
measurements were performed to confirm the devices’ ability
to respond in real time. This is particularly important for the
development of novel stretchable and conformable electronics.
The measurement was performed by successively putting pres-
sure on the printed sensors with the fingertip over 20 seconds.
As shown in Fig. S8 (ESI†), the printed capacitive sensors show
fast and reproducible response to various pressure, which
confirms the sensors capability to detect dynamic pressure
changes.

2.4 Self-healing capacitors

After characterizing the sensitivity of the new printed capacitors
towards mechanical deformation and pressure, a detailed
investigation of the self-healing of the sensor was performed.
This was examined by damaging the device and monitoring the
change in the capacitance values as a function of time. As
shown in Fig. 4a, the printed thin-film device was shown to
undergo rapid self-healing, reaching its original capacitance
values after only 250 minutes (4 hours) at room temperature.
Although the healing process appears to be slower in the
beginning, based on the measured capacitance values, it dra-
matically increases after 200 minutes (approximately
3 hours). This behavior can be explained by the generation of
the mobile phase; generation of the mobile polymer phase
involves an initial induction period before a sufficient amount
of polymer migrates to the damage site to create a thick-enough

dielectric layer to recover capacitance. Once the connection is
reformed, capacitance is rapidly restored.

Following the characterization of the self-healing properties,
we also examined the impact of curvature on the capacitor
performance and the restoration of its capacitance values after
bending. Based on the static measurements shown in Fig. 4b,
the convex bending of the capacitor does not impact the
magnitude of the capacitance significantly; in the case of the
pristine films, the capacitance increases only 11% when it is in
the bend position and is nearly fully restored after returning to
its original flat position. The minor increase in the capacitance
at the convex position can be explained by the relationship of

the capacitance with the dielectric thickness / 1

d

� �
and sur-

face area (pA) in a parallel-plate capacitor. When bended in a
convex position, the dielectric layer is contracted to some
degrees, resulting in a thickness increase (decrease in capaci-
tance). Additionally, the same tests were carried out for devices
with healed dielectric films to confirm that the device perfor-
mance recovers after healing. As demonstrated in Fig. 4b, the
convex bending of the device with healed dielectric film
decreases the capacitance by 17% and the capacitance is not
restored after returning to its original flat position. This result,
contrasting to those from non-damaged devices, can be attrib-
uted to a non-complete healing of the device, potentially
causing some of the cracks to open up again and prolong their
healing process. The increase in capacitance after crack for-
mation was also observed previously and is shown in Fig. 4a.
Conversely, the capacitance is impacted notably in concave
position and decreases almost 30% from its original values
for the device with pristine films. Moreover, the capacitance
does not restore to its initial values once returned to the flat
position and even decreases further (44% of its original values).
The observed steady decrease in capacitance can be explained
by an irreversible damage to the device due to concave bending.
At the concave position, different layers of the capacitor experi-
ence different degrees of stretching. Given the difference in
materials deformability, and considering the relative brittle-
ness of the silver electrodes, permanent cracks can be formed
within the silver film when bended in the concave position. As a
result, the capacitance values decrease even after the capacitor

Fig. 4 (a) Evolution of the capacitance during the healing process measured for an area of 1.0 cm2. (b) Static capacitance measurement of pristine and
healed films in both concave and convex positions.
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is returned to the flat position. Similarly, the capacitance of the
device with the healed dielectric film decreases when it is in the
concave position, but to a lesser extent (23% of the initial value)
compared to the device with pristine film. Surprisingly, the
capacitance increases after returning to the flat position and
reaches capacitance values almost 32% more than the initial
one. As previously reported, the introduction of wrinkles into
dielectric layer can increases the electrode area and thus the
capacitance.40–42 Therefore, we believe that wrinkles can be
generated in the dielectric film after returning to the flat
position, increasing the contact area and subsequently capaci-
tance increases rather than returning to its original values.

Finally, to get a good overview of the new technology
developed, comparison with previously reported capacitive
sensors was made and the results are depicted in Table 1.
Although the pressure sensitivities observed for the new
printed self-healing capacitors are not comparable to capacitive
sensors prepared from a micropatterned dielectric layer, they
do not suffer from potential baseline instability due to air
trapping in dielectric layer, large errors due to external noises,
and irreproducible sensitivity.43 More importantly, the pressure
sensitivities observed for the new self-healing capacitive sen-
sors are in the same range as previously reported values for
non-healable and/or non-printed capacitors on soft substrates.
Additionally, the method employed in this work for the fabrica-
tion of the pressure sensors (slot-die coating) is simple and
inexpensive, which contrasts with the fabrication of capacitive
pressure sensors with high sensitivities that normally require
multistep costly fabrication processes.

3. Conclusion

In summary, the fabrication of thin film capacitive sensors on a
flexible substrate was realized by incorporating self-healing
dielectric materials based on metal–ligand supramolecular
interaction. The self-healing properties of polymer 1 revealed
that the polymer has exceptional autonomous healing rate at
room temperature (1.34� 105 mm3 per hour) and reaches values
as high as 2.87� 105 mm3 per hour at human body temperature,
making it an excellent choice of material for wearable electro-
nic applications. To confirm the potential of polymer 1 in
self-healing and soft electronics, a series of thin film capacitive
sensors were fabricated using slot-die coating on poly(ethylene-
terephthalate) (PET) substrate coated with silver ink and
PEDOT:PSS top electrode. At first, the bending tolerance of
capacitive sensors were examined, and no significant

capacitance changes were observed upon bending of devices
irrespective of the area of the capacitor. As a capacitive pressure
sensor, the pressure sensitivity of the devices was 0.09–2.9
kPa�1 and 0.02–0.05 kPa�1 for 0–1 kPa and 1–2 kPa respectively.
In the case of any mechanical damage to the device such as
cracking, the device performance proved to be fully restored
over 4 hours. However, the concave bending of the devices
resulted in a permanent damage to the device and thus redu-
cing the capacitance values by 23–44%. We ascribe this to the
low bending tolerance of the silver electrode and its brittle
nature.

Considering the rise of the IoT, the inexpensive fabrication
of thin film sensing materials and devices at large scale will
enable progress in various areas, including electronics and
healthcare. The new autonomous self-healing capacitive
devices designed in this work not only combine low-cost and
rapid fabrication through slot-die coating, but also give access
to soft electronics that can be conformable and robust. Given
the importance of capacitive sensing, this new sensor design
and preparation offers new avenues and opportunities for the
expansion of self-healing electronics and their integration to
many different platforms.
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Table 1 Performance comparison of the new printed self-healing pressure sensors with few previously reported devices

Materials Method of fabrication Dielectric thickness (mm) Sensitivity (kPa�1) Healability Ref.

PDMS Screen printing 16 �0.1% DC at 200 kPa NA 44
Thermoplastic polyurethane 3D printing 200 50 NA 45
Graphene oxide Spray-coating 300 0.8 NA 46
Polymer composite with embedded m-Ni particles Compression molding 600 Not reported Non-autonomous 47
PDMS Spin-coating 400 1000 NA 16
Imine-based PDMS (this work) Slot-die coating 85 2.9 Autonomous —
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