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ABSTRACT

Bionic flexible tactile sensors have emerged as a popular solution for emulating the human hand’s tactile system
in wearable devices and smart robots. However, achieving durability and resistance to disruption while
enhancing tactile sensing capabilities remains a critical challenge. In this study, we propose a dual-mode tactile
sensing strategy with comprehensive self-healing capabilities, combining piezoresistive and piezoelectric sensing
to accurately simulate finger bending and touching motions for perception of dynamic and static stimuli.
Especially, we introduce an infusive polydimethylsiloxane (H-PDMS) material with self-healing function as the
key component of our tactile sensing system, enabling rapid recovery after damage similar to the self-healing
ability of human skin. The size of the object is recognized by the liquid metal-based piezoresistive sensor to
mimic changes in finger joint bending, while the contour of the object’s surface is recognized by the ceramic
nanoparticle-included piezoelectric sensor to simulate the tactile receptors of the finger. During object recog-
nition, signals from both sensors are converted into CMYK color blocks and superimposed, enabling accurate
discrimination of object size and surface characteristics. Remarkably, the sensing system achieves a compre-
hensive recognition rate of 96 %, even under damaged conditions, with a self-healing rate in electrical con-
ductivity and sensing capabilities exceeding 90 %. This exceptional self-healing performance is driven by the
abundant hydrogen bonds of varying strengths within the H-PDMS matrix, which enable the material to recover
its original properties following damage. By introducing this self-healing functionality into electronic skin
technology, our work paves the way for advanced applications, including robotic object recognition and auto-
mated fruit sorting, offering broad prospects for smart systems in various industries.

1. Introduction

sensing systems and bionic robotics, researchers are increasingly
directing their attention towards developing bionic flexible tactile sen-

Fingers serve as the primary means through which humans physi-
cally engage with the external environment [1], perceiving attributes
such as shape, material and temperature of an object via touch [2,3].
This perception relies on subtle deformations that occur in the finger
skin upon contact with an object, thereby providing accurate tactile
feedback [4-6]. This intricate perceptual process plays a pivotal role in
various aspects of human daily life and fine manipulation tasks,
encompassing essential functions like object classification, surface
quality assessment, and precision manipulation [7-10]. With the rapid
development of human-computer interaction technology, intelligent
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sors [11,12]. These sensors not only emulate the tactile capabilities of
human fingers, but also possess flexible, stretchable, and self-healing
characteristics that render them suitable for diverse complex
applications.

Bionic flexible tactile sensors encompass both dynamic and static
pressure sensing in the recognition of objects [13-15]. Static signals
typically reflect continuously applied forces, providing information
about the shape or position of the object in contact with the sensor,
while dynamic signals correspond to instantaneous or changing forces,
reflecting the sliding characteristics of the object or surface roughness.
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The integration of dynamic and static signals is critical in achieving
accurate tactile recognition [16-20]. By combining these two signal
types, flexible dual-mode tactile sensors with piezoresistive-
piezoelectric effects significantly enhance detection accuracy and reli-
ability [21-24], aiming at perceiving both dynamic and static aspects.
For example, Dan et al. proposed a distributed hand tactile sensor that
employed a combination of polyvinylidene fluoride (PVDF) piezoelec-
tric membrane and carbon nanotube/polymer composite piezoresistive
membrane to achieve dual sensing functionality for both dynamic and
static forces [25]. Similarly, Gao et al. designed a sensor by combining
piezoresistive hydrogel and PVDF film which successfully captured the
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dimensional and contour signals of an object, thereby improving the
recognition accuracy [26]. In addition, Lee et al. developed a haptic
sensor primarily composed of silver and ZnO nanowires possessing
various electrical properties such as piezoelectricity, frictionality, and
piezoresistivity; integrating these haptic sensors into a robot enabled
material identification as well as texture discrimination capabilities
[27]. However, despite their exceptional performance in dynamic and
static signal detection, dual-mode sensors are vulnerable to damage in
practical applications due to multiple tension and compression de-
formations. They may experience performance degradation caused by
fatigue or accidental damage during prolonged use or high-frequency
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Fig. 1. Structure and function of the fully self-healing tactile sensing system. (a) The correspondence between recognition and self-healing function of sensor and
human finger: (i) different parts role of human fingers in recognizing objects; (ii) installation method of the sensors and their structure; (iii) self-healing mechanism of
human skin; (iv) self-healing mechanism of sensor. (b) Flow chart using CMYK color block notation to detect object size and surface morphology. (c) Optical image of
piezoresistive sensors worn on the fingers of a volunteer. (d) Optical image of piezoelectric sensors worn on the fingers of a volunteer.
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contact scenarios. In contrast, human skin possesses a natural
self-healing function that enables gradual recover of its original sensing
ability even when punctured by sharp objects [28]. This self-healing
ability significantly enhances fault tolerance during object recognition
in complex environments [29-31]. Integrating self-healing materials
into flexible sensors represents a significant breakthrough in the devel-
opment of bionic electronic skin [32-34]. For instance, Bao et al. suc-
cessfully incorporated self-healing capabilities into a robot’s electronic
skin via grafting hydrogen bonds in polydimethylsiloxane (PDMS),
thereby enhancing the device’s durability and reliability [35]. Huang
et al. also utilized hydrogen bonds to introduce self-power sensing
ability and efficient dynamic sensing capability into PDMS-based ma-
terials for sensor fabrication [36]. Zhang et al., on the other hand,
synthesized a self-powered electronic skin sensor capable of detecting
bending and pressure signals by introducing disulfide and hydrogen
bonds into a polyurethane chain [37]. However, the majority of current
research centers on single-mode self-healing sensors that are limited to
reconstruct either dynamic or static sensing capabilities after damage,
but not both simultaneously. Therefore, it is imperative to investigate
the integration of multi-mode sensing signals with comprehensive
self-healing properties in electronic skin research.

Inspired by the tactile perception of humans grasping objects with
their hands (Fig. 1a(i)), this study presents a flexible dual-mode tactile
sensing system that leverages piezoresistive and piezoelectric effects to
achieve high sensitivity and accuracy in dynamic-static perception and
object recognition (Fig. la(ii)). For human skin, thrombocytes and
fibrous protein cells play a crucial role in assisting the self-healing
process of the skin (Fig. la(iii)) [38]. Drawing inspiration from the
healing function of human skin, we introduce a self-healable poly-
dimethylsiloxane (H-PDMS) material, rich in hydrogen bonds, as the
core component for constructing tactile sensing system with complete
self-healing capabilities and exceptional durability. The self-healing
mechanism of H-PDMS is driven by the interplay of strong hydrogen
bonds (SHBs) and weak hydrogen bonds (WHBs), which enable efficient
recovery of force/deformation, electrical conduction, and sensing per-
formance, closely mimicking the functionality of human skin (Fig. 1a
(iv)). Furthermore, we employ the CMYK color block superposition
principle to comprehensively represent the combined recognition results
from the dual-mode sensing system, capturing object size and surface
roughness (Fig. 1b). This dual-mode tactile sensing strategy is success-
fully implemented with a robotic arm to sort lychee quality in agricul-
tural applications. This demonstrates its significant potential for use in
electronic skin, bionic robotics, and automated fruit sorting, marking a
substantial advancement in tactile sensing technologies.

2. Experimental section
2.1. Preparation of self-healing H-PDMS

Firstly, a mixture of 10g aminopropyl terminated poly-
dimethylsiloxane (AT-PDMS) and 0.70 g triethylamine (TEA) were
added to 100 mL dichloromethane (CH3Cly), followed by thorough
mixing in an ice water bath for 1 h. Subsequently, the mixture was
combined with 0.31 g of 4,4 ’-methylene bis (cyclohexyl isocyanate)
(HMDI) and 0.18 g of isophorone diisocyanate (IPDI) in an ice water
bath under a nitrogen atmosphere for another hour. The reaction was
restored to room temperature and continued for a duration of 24 h.
Finally, the resulting solution of polydimethylsiloxane with self-healing
function (H-PDMS) was obtained.

2.2. Preparation of self-healing liquid metal ink

Firstly, 0.50 g of liquid metal was introduced in 100 mL solution of
CHCl; containing 10 g of H-PDMS for initial mixing. The resulting
mixture was then subjected to crushing using a cell crusher operating at
a power of 550 W for a duration of 1 h. Subsequently, the crushed
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solution underwent centrifugation at a speed of 8000 rpm for 5 min
using a high-speed centrifuge. A distinct stratification of mixed solution
was observed with the lower sediment representing the self-healing
liquid metal ink (Fig. S1).

2.3. Fabrication of self-healing piezoresistive sensor

The H-PDMS solution was first poured into a polytetrafluoroethylene
(PTFE) mold with dimensions of 25 mmx 10 mmx 5 mm, and then the
mold was transferred to an oven at 60°C for 2 h to obtain a transparent
H-PDMS substrate. Following this, "U" shaped grooves were engraved
onto a polyimide film (PI) using UV cutting technology and placed onto
the aforementioned piece of H-PDMS substrate as mask plate guide lines.
Liquid metal ink was uniformly applied within these "U" grooves before
removing the mask plate upon completion. Copper foil electrodes were
connected to both ends as lead wires for electrical connection purposes.
Finally, another piece of H-PDMS material was coated with liquid metal
ink and left at room temperature for approximately 24 h to facilitate
self-healing between two pieces of H-PDMS layers to form an integrated
package structure (Fig. S2). The optical diagram of the fabricated self-
healing piezoresistive sensors worn on the fingers of a volunteer is
shown in Fig. lc.

2.4. Modification of ceramic nanoparticles

Surface modification was necessary for lead zirconate titanate (PZT)
particles to minimize agglomeration before composite formation with H-
PDMS. The surface modification process involved immersing the PZT
particles in an ethanol solution, followed by ball milling using a plan-
etary ball mill for 24 h to reduce particle diameter. Subsequently, the
PZT particles were dried in an oven for 12 h to remove the ethanol. Next,
the PZT particles were subjected to sonication in hydrogen peroxide for
2h and thoroughly washed with deionized water. Then, an ethanol
solution containing 3 % v/v acid propyl ester (TMSPM) was added and
after sufficient mixing at room temperature for 5 h, the PZT particles
were filtered out, washed again with deionized water, and finally dried
in an oven at 60°C for 12 h.

2.5. Fabrication of self-healing piezoelectric sensor

To prepare the piezoelectric sensor, 5 g of modified PZT powder was
dispersed in a mixture of CH5Cl, (100 mL) and H-PDMS (10 g) using
ultrasonic processing, followed by stirring with a magnetic stirrer until
achieving homogeneity. The resulting mixture was poured into a PTFE
mold measuring 10 mmx 10 mmx 2 mm and cured to obtain the
piezoelectric composite film. This film was then placed between positive
and negative plates of a high-voltage electric field setup where the in-
tensity of electric field gradually increased from zero to 4 kV/mm over
half-hour intervals until polarization completion after holding it steady
for another two hours. After that, any remaining silicon oil on the sur-
face of the piezoelectric film was wiped off using ethanol as solvent.
Finally, gold electrodes were plated on both sides of the composite film
through magnetron sputtering technique, resulting in a self-healing
piezoelectric film containing 50 wt% PZT particles (Fig. S3). The opti-
cal diagram of the fabricated self-healing piezoelectric sensors worn on
the fingers of a volunteer is shown in Fig. 1d.

2.6. Measurement and characterization

The Fourier transform infrared spectroscopy (FT-IR) was conducted
in the range of 500-4000 cm ! using a Fourier infrared spectrometer
(Nicolet™ iS50, Thermo Scientific™). Both microscopic morphology
and elemental distribution were obtained by scanning electron micro-
scopy (SEM, CARL ZEISS SMT PTE Ltd.), where the microscopic images
were obtained under high voltage conditions at 3 kV and the elemental
distribution maps were obtained under high voltage at 10 kV. The



X. Luo et al.

mechanical properties of the materials were characterized using a me-
chanical testing machine (HY-0230, Yiheng Precision Instruments). The
piezoresistive signal output was measured by Keithley-2400 Source-
Meter. The piezoelectric signal output was measured by KSI-8103
charge amplifier and data acquisition card (USB_HRF4028, Heng rui
feng Measurement and Control Technology Co., Ltd.).

3. Results and discussion
3.1. Self-healable H-PDMS characteristic

The proposed sensor utilizes H-PDMS with self-healable ability as the
substrate, which possesses self-repairing properties and endows the
sensor with a function similar to human skin. The infrared spectra of H-
PDMS and AT-PDMS are shown in Fig. S4, where the characteristic peaks
of urethane amide I and amide II for H-PDMS appear at approximately
1629 cm™ and 1566 cm™ , respectively. The peak observed in the ure-
thane amide I region mainly stems from the stretching vibration of the
carbonyl group (C=0) and the stretching and deformation vibration of
the isocyanate group (-NCO), which proves evidence for successful re-
action between AT-PDMS and IPDI, and hydrogen bond synthesis. In this
type of hydrogen bonding, due to steric hindrance imposed by IPDI, IPDI
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can only form a double hydrogen bond with another IPDI unit [39],
referred to as WHB, corresponding to the (W-H) component depicted in
Fig. 2a and Fig. S4. In addition, the vibration of urethane amide II region
is a combination of N-H plane bending vibration and C-N stretching
vibration, typically occurring between 1565 and 1570 cm™L. In this
work, a characteristic peak of urethane amide II appeared at
1566 cm™ in the infrared spectrograms of H-PDMS is also a typical
characteristic region of N-HeeeY type hydrogen bond system [40]. Due
to its symmetric structure, HMDI can form a quadruple hydrogen bond
with the inverted HMDI structure [41], known as SHB, corresponding to
the (S-H) component in Fig. 2a and Fig. S4. The infrared spectra prove
the fact that the successful grafting of IPDI and HMDI on AT-PDMS
provide two different hydrogen bonds for the material. Specifically,
the SHB formed by HMDI is a stronger quadruple hydrogen bond
compared to the WHB formed by IPDI, providing better elasticity to the
material. On the other hand, WHB acts as sacrificial bonds provided by
IPDI that dissipate strain energy through effective reversible breaking
and recombination processes, thereby improving material circular
availability and durability [35,42].

During the self-healing process, H-PDMS undergoes self-repair via
non-dynamic covalent bonds facilitated by its intrinsic hydrogen bond
network (as illustrated in Fig. 2b). Upon damage, hydrogen bonds
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Fig. 2. Principle and characteristics of self-healing H-PDMS substrate. (a) The formula of strong and weak hydrogen bonds. (b) Self-healing principle of H-PDMS. (c)
Comparison of mechanical properties of H-PDMS before and after self-healing. (d) Self-healing efficiency of H-PDMS after different self-repair conditions. (e) Me-
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reform between the contact surfaces at the fracture site due to the
movement of molecular chains, thereby reintegrating the fractured
material. We investigate the impact of varying SHB and WHB content
(achieved by adjusting the molar ratios of HMDI and IPDI during H-
PDMS synthesis) on the mechanical and self-healing properties of H-
PDMS. Specifically, four groups of H-PDMS with different compositions
were prepared using HMDI to IPDI molar ratios ranging from 2:8-8:2,
and their tensile stress-strain behavior and self-healing efficiency at
room temperature (r.t.) condition were evaluated. The samples with the
dimensions of 25 mmx 10 mmx 1 mm were denoted as HMDI,-IPDIg,
HMDI4-IPDI, HMDI-IPDI,, and HMDIg-IPDI,, respectively, according
to the molar ratio of HMDI to IPDI. As shown in Fig. S5a, the defor-
mation of the four different H-PDMS compositions exceeds 600 %, with
HMDI¢-IPDI4 and HMDIg-IPDI; reaching 660 % and 664 %, respectively.
With increasing HMDI content in H-PDMS, the proportion of SHB in the
material also increases, enhancing the material’s stability and elasticity,
and consequently, its tensile strength and elongation at break. When H-
PDMS was synthesized with HMDIg-IPDI4 and HMDIg-IPDI; ratios, the
ultimate tensile stress of H-PDMS reaches 1.10 MPa and 1.12 MPa,
respectively. The self-healing efficiency of H-PDMS material was
calculated using the equation # = Ppeqied/Poriginat (Where Porigingi and
Ppeqleqd represent the tensile stress of H-PDMS before and after self-
healing, respectively). After cutting the H-PDMS materials under r.t.
condition and allowing them to self-heal for 24 h, tensile stress-strain
experiments were conducted. The results reveal that the self-healing
efficiency of all four groups exceed 80 %, with the HMDI¢-IPDI4 ratio
achieving the highest efficiency of 93 % (Fig. S5b). Consequently, the
molar ratio of HMDI¢-IPDI4 was selected for the preparation of H-PDMS
in subsequent experiments.

To investigate the effect of self-healing time on the mechanical
properties and self-healing efficiency of H-PDMS, the midsection of the
material was cut, and the fractured surfaces of the two pieces were
brought into contact to heal at r.t. condition for different durations. The
results indicate that self-healing time has a significant impact on both
the mechanical properties and self-healing efficiency of H-PDMS
(Fig. 2¢). When the damaged H-PDMS is allowed to self-heal for 6 h,
12 h and 24 h, the ultimate tensile deformation and ultimate tensile
stress reach 305 % and 0.40 MPa (6 h), 491 % and 0.81 MPa (12 h),
580 % and 1.02 MPa (24 h), respectively. The corresponding self-
healing efficiencies for these time periods are illustrated in Fig. 2d,
indicating a gradual self-healing process. Notably, the material achieves
a high self-repair efficiency of 93 % within just 24 h, ensuring rapid
recovery of its original mechanical properties post-damage. This is
attributed to the participation of IPDI in WHB formation during self-
healing, which facilitates faster healing rates. After self-healing, SHBs
provided by HMDI offer superior elasticity and toughness compared to
WHBSs, thereby enhancing the overall mechanical properties [35]. The
self-repair process of H-PDMS was observed using the cut-contact
method (Fig. 2f), wherein the incised traces vanish completely after a
duration of 24 h at r.t. condition, demonstrating the excellent self-repair
capability of H-PDMS in the cut mode. To enhance visualization, two
pieces of H-PDMS were stained and subsequently brought into contact
on a common horizontal plane. After 24-h self-repair process, the two
pieces of H-PDMS fuse into a single piece, which could be manually
stretched by hand (Fig. 2g). These experiments further demonstrate the
excellent self-repairing ability of H-PDMS in the contact mode, making it
an excellent substrate material for self-repairing sensors. However,
when H-PDMS undergoes simultaneous damage-recovery at 10 posi-
tions, the tensile stress recovers to 0.58 MPa with a self-repair efficiency
of 53 %. This reduction in efficiency can be attributed to the inherent
challenges of performing in-situ self-repair at multiple damaged loca-
tions simultaneously, resulting in a significant decrease in the material’s
mechanical properties. Nevertheless, when subjected to 10 cycles of
cutting and subsequent self-repairing at the same location, the tensile
stress recovers to 0.97 MPa with a self-repairing efficiency of 88 %,
nearly matching the performance observed after a single damage event
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(Fig. 2e). This is due to the spontaneous nature of an electrostatic force
for hydrogen bonding, which requires no external energy input for bond
formation [40]. This characteristic indicates that H-PDMS has the
capability for repeated self-healing.

3.2. Sensing performance of self-healable piezoresistive sensor

The sensing performance evaluation of the flexible piezoresistive
sensor was conducted utilizing liquid metal self-healing ink as the
conductor along with H-PDMS as the self-healable matrix material. As
shown in Fig. S6a, the liquid metal exhibits surface tension in its normal
state, making it challenging to spread and unfold on the H-PDMS film.
The SEM image in Fig. S6b reveals that the liquid metal droplets are
isolated and non-uniformly distributed under normal conditions. This
behavior is primarily attributed to the presence of an oxide layer on the
droplet surface, which restricts the mobility of the liquid metal and
impedes its effective spreading on the substrate. After forming self-
healing liquid metal ink, however, the ink spreads well on H-PDMS
and can be patterned into various forms using a mask plate (Fig. S6¢).
The SEM image in Fig. S6d reveals that the grinder-processed small
particles of liquid metal can bond through H-PDMS to form evenly
distributed larger ink particles, enabling the ink to be shaped into
different configurations.

To evaluate the sensing performance of piezoresistive sensor, we
analyzed its linearity (R%) and sensitivity factor (SFR= (AR/Rg)/A0),
where AR represents the change in resistance, Ry is the initial resistance
value, and A6 denotes the change in bending angle. During bending tests
within 0-90° range, the sensor’s resistance change exhibits a nearly
linear relationship with the bending angle (R? = 0.98), resulting in a SFR
of 0.2 (Fig. 3a). When applied to the finger joint bending test, the self-
healing piezoresistive sensor displays sensitivity by showing resistance
changes of 4 %, 10 %, and 15 % at bending angles of 30°, 60°, and 90°
(Fig. 3b), respectively. Notably, after intentional cutting the sensor in
half and allowing it to self-heal at r. t. condition for 24 h, the stability
and consistency of resistance measurements before damage and after
healing remain unaffected during another round of finger joint bending
tests (Fig. 3b), highlighting the excellent self-healing capability of this
sensor. Since the piezoresistive sensor uses H-PDMS as both the sub-
strate and packaging material, its self-healing mechanism aligns with
that of H-PDMS, requiring 24 h for mechanical property recovery.
However, the electrical signal recovery time of the sensor is significantly
shorter than the mechanical property recovery time. Owing to the
conductive nature of the liquid metal ink utilized in piezoresistive sen-
sors, free electrons within the material form a conductive pathway.
Upon sensor damage, when the two broken ends come into contact, free
electrons rapidly move between them, re-establishing the conductive
path almost instantaneously [43]. Experimental results show that the
electrical signal of the piezoresistive sensor is restored within 150 ms
during the self-healing process (Fig. 3c). Further evidence supporting
this characteristic is presented in Fig. S7, whereupon contacting the
broken ends of the damaged sensor leads to immediate resumption of
LED illumination due to its rapid self-healing capability. This swift re-
covery in conductivity ensures prompt restoration of conductive func-
tionality following destruction. Moreover, after undergoing 24 h of
self-healing, piezoresistive sensors were subjected to an experimental
bending test involving 1000 cycles at a 90° angle; results depicted in
Fig. 3d demonstrate that this self-repaired sensor exhibits commendable
stability and repeatability in terms of their electrical sensing signals.
Additionally, five instances of cutting and subsequent self-repair were
performed on these sensors (Fig. 3e and f), with resistance values and
repair capabilities remaining consistent across multiple cycles with an
initial resistance change approximately equaling 5 %. Consequently, the
self-healing efficiency of the sensing signal reaches 95 %. These findings
indicate that even after repeated cuts and self-repair cycles, these pie-
zoresistive sensors maintain effective sensing performance and demon-
strate potential for long-term utilization. In addition to the mechanical
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Fig. 3. Performance evaluation of a flexible self-healing piezoresistive sensor. (a) Sensitivity testing of the sensor. (b) Correlation between the bending angle and the
rate of resistance change. (c) Recovery speed of electrical signals following damage to the piezoresistive sensor. (d) Repeatability assessment after 24 h of self-
healing. (e) Durability evaluation over five cycles of cutting and self-healing. (f) Variation in initial resistance after five cycles of cutting and self-healing. (g) Six
distinct pellets labeled A through F for testing. (h) The blue signal represented the magnitude of the resistance change rate. The sensors were attached to the five
fingers of a volunteer, and the resistance change rate signals during the grasping of six different balls (A - F) were recorded. (i) Recognition rate matrix and accuracy
of volunteers performing 50 grasping trials for each object as shown in (g).

and electrical stability tests, we further evaluated the sensor’s perfor- subjected to a controlled chamber where both temperature and hu-
mance under varying environmental conditions, including temperature midity were systematically varied. The results confirm the sensor’s
and humidity fluctuation (Fig. S8). In these experiments, the sensor was robustness, with minimal changes (approximately 5 %) in resistance
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change rate at 90° bending angle when exposed to temperature fluctu-
ations up to 60°C and humidity variations up to 76 %. These findings
demonstrate that the sensor maintains reliable performance under
fluctuating temperature and humidity conditions and exhibits effective
recovery from damage. This ensures its suitability for practical appli-
cations in dynamic environments.

For the grasping experiments, five identical piezoresistive sensors
with self-healing features were affixed to finger joints to evaluate six
objects (A-F), including four small balls with smooth surfaces of varying
diameters (d = 10 ¢cm, 9 ¢cm, 6 cm, and 2.5 cm) and two small balls (d =
6 cm) with differing surface roughness (Fig. 3g). The object recognition
experiment was conducted using the STM32F103C8T6 single chip
(STMicroelectronics) as the main control and signal analysis unit, with
voltage divider circuits employed to detect the signals from the piezor-
esistive sensing layers (Fig. S9). Prior to formal testing, standard signal
measurements were conducted to normalize piezoresistive responses
across all objects. Each object was grasped 20 times, and the output peak
values from each sensor channel were recorded. The peak values were
then averaged to yield standardized signal values for each channel. To
validate the feasibility of piezoresistive sensors for determining object
size, the maximum resistance change recorded during grasping was used
as a characteristic value and normalized. For normalization, the C-value
in the CMYK color representation was mapped to the absolute resistance
change rate, where smaller object sizes corresponded to higher C-values.
Specifically, a resistance change rate of 0 % corresponded to a C-value of
0 %, while rates > 30 % corresponded to a C-value of 100 %. These
normalized values were transformed into intensity maps, with variations
visually represented as color differences reflecting object size. Given
that finger bending varied among the five fingers when grasping the
same object, an average value (Ave) from all five sensors was calculated
to synthesize a size estimate. During actual object recognition, the Ave
value of each object was compared against its standard reference value,
allowing numerical errors within + 5 % to indicate successful recogni-
tion. The STM32F103C8T6 microcontroller processed the data and
provided feedback on the accuracy of recognition. As shown in Fig. 3h,
grasping larger-diameter balls results in reduced finger bending and
smaller resistance changes, while smaller-diameter balls cause greater
bending and larger resistance changes. The colored regions in Fig. 3h
depict intensity maps of normalized signal peaks from the five sensors.
The Ave value effectively reflects object size, with Ball A (d = 10 cm)
yielding the smallest Ave (0.17) and Ball D (d = 2.5 cm) producing the
largest Ave (0.75). Balls C, E, and F have similar Aves due to identical
diameters, despite differences in surface roughness. Based on this
method, 50 recognition experiments were conducted on the six objects,
and the results were recorded in a recognition rate matrix (Fig. 3i). The
piezoresistive sensors achieves a 95 % accuracy rate in distinguishing
spheres of varying diameters. However, because Balls C, E, and F share
the same diameter (6 cm), the piezoresistive sensor alone could not
differentiate them based on surface roughness, resulting in an accuracy
rate of 35 %.

3.3. Sensing performance of self-healing piezoelectric sensor

The contact force experienced by the finger varies due to the distinct
surface morphology of each object, resulting in fluctuations in the
output voltage of the flexible piezoelectric sensor. Upon contact with an
object, the piezoelectric sensor generates an output voltage signal that is
dependent on the surface morphology of the object. The fundamental
characteristics of the piezoelectric sensing layer are illustrated in
Fig. S10a, which presents a milky soft film. It is worth noting that if no
modifications are made to the PZT particles during the preparation
process of this film, noticeable agglomeration and uneven distribution
will occur within H-PDMS as depicted in the zirconium element map-
ping in Fig. S10b. However, after modification, significant improve-
ments are observed regarding PZT particle distribution within H-PDMS
as confirmed by zirconium element mapping diagram (Fig. S10c).

Nano Energy 136 (2025) 110757

Furthermore, SEM image displays a relatively uniform distribution and
micron-level size for modified PZT particles within the piezoelectric film
(Fig. S10d). When the piezoelectric sensor is unpolarized, an extremely
weak voltage signal is generated upon applying a pressure of 250 N. In
contrast, after polarization treatment, the sensor produces a voltage
signal approaching 4 V under identical pressure conditions (Fig. S11).
This phenomenon occurs because the dipole orientations of PZT parti-
cles are initially random, leading to only partial deformation of the PZT
lattices and consequently generating minimal charge. Following polar-
ization, the dipole orientations within PZT become more aligned,
enabling greater charge generation at the upper and lower electrodes
under applied force, thereby producing a significantly stronger voltage
signal [44-46]. Since the piezoelectric performance of the piezoelectric
sensor relies on the PZT particles, it is crucial to consider their content
and their impact on output performance. We investigated how varying
PZT particle contents affect sensor output performance, as shown in
Fig. S12, with the PZT content increasing from 30 wt% to 80 wt%, the
output signal shows a trend of first increasing and then decreasing,
reaching optimal levels at 60 wt%. Excessive PZT content diminishes
both piezoelectric coefficient and permittivity of the composite material,
leading to reduced capacitance and subsequent decrease in piezoelectric
signal output.

The performance of the output electrical signal of the sensor was
evaluated using the compression function of the universal testing ma-
chine. As the force applied to the piezoelectric sensing unit increases, the
corresponding output voltage also increases (Fig. 4a). The peak voltage
values obtained at different force levels are used as reference points to
construct the sensitivity curve (Fig. 4b), which exhibits a two-segment
linear relationship within the range of 0-50 N. The linearity (R?) and
sensitivity factor of piezoelectric sensor (SFE) are critical parameters for
assessing sensor performance. SFE is defined as SFE = (V-V)/AF (V is
the current voltage value of the sensor, V) is the chosen initial voltage
value of the sensor, and AF is the pressure change of the sensor). During
pressure tests within 0-20 N range, the sensor’s voltage change exhibits
an almost linear relationship (R? = 0.97) with the applied pressure,
yielding a SFE of 0.035. In the higher pressure range of 20-50 N, the SFE
decreases to 0.012. Furthermore, since the piezoelectric film of the
piezoelectric sensor is composed of H-PDMS mixed with PZT particles,
the self-healing mechanism of the piezoelectric sensor resembles that of
H-PDMS. It requires 24 h to fully recover its mechanical properties at r.t.
condition. Regarding the self-healing signal recovery ability of the
sensor, due to the vertically arranged electrode structure, even if the
sensor is damaged, the upper and lower electrodes remain intact, pre-
serving the piezoelectric effect. However, damage to the piezoelectric
film can lead to destruction of the gold electrodes on its surface,
reducing charge accumulation on the plates under pressure, thereby
decreasing the output voltage of the sensor (Fig. 4c). After 24 h of self-
healing, the gold electrodes on the sensor’s surface re-establish contact,
allowing for resumed normal operation. However, due to residual cracks
in the electrode, the sensor’s output performance declines slightly.
Specifically, the restored output voltage reaches 3.8 V, corresponding to
a self-healing efficiency of 93 % compared to its original output of 4.1 V
(Fig. 4c). Subsequently, we conducted pressure tests on these self-healed
piezoelectric sensors for 1000 cycles under a load of 50 N using a data
acquisition card; the results show excellent repeatability (Fig. 4d). To
evaluate the sensor’s durability under multiple damages, we performed
cyclic cuts at the same position three times and observed a gradual
decline in output after each cut and subsequent self-healing (Fig. 4e).
After the third healing cycle, the signal output capacity decreases to
approximately 76 % of the original state, demonstrating the sensor’s
repeatable self-healing capability. Similarly, the performance of the
piezoelectric sensors was evaluated under varying temperature and
humidity conditions (Fig. S13a). At a constant pressure of 50 N, the
output signal decreases slightly with increasing temperature, dropping
by only 6 % at 60°C (Fig. S13b). The output signal also decreases slightly
with increasing humidity, dropping by about 5% at 76 % relative
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Fig. 4. Performance evaluation of the self-healing piezoelectric sensor. (a) Variations in output voltage under different pressure conditions. (b) Sensitivity analysis of
the piezoelectric sensor. (c) Performance comparison of the piezoelectric sensor in its original state, post-damage, and post-self-healing. (d) Repeatability assessment
of the sensor after 24 h of self-healing. (e) Performance changes following multiple cutting and self-healing cycles. (f) Eight distinct objects used for grasping tests
(labeled I - VIII). (g) Pink shading indicated changes in the amplitude of the sensor’s output voltage. The sensors were attached to all five fingers of a volunteer, and
voltage changes during the grasping of six different balls (Iabeled I - VI) were recorded. (h) Recognition rate matrix and accuracy of volunteers performing 50
grasping trials for each object as described in (g).

humidity (Fig. S13c). These results indicate that variations in tempera- Given the excellent sensing sensitivity and self-healing properties of
ture and humidity have a negligible effect on the performance of the self-healing piezoelectric sensors, five piezoelectric sensors were
piezoelectric sensors. affixed to the fingertips of five fingers to carry out grasping experiments
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on objects with varying levels of roughness (Fig. S15) to further evaluate
the feasibility of these sensors for morphology recognition of object
surfaces. The eight objects (labeled I-VIII in Fig. 4f) consist of six balls
with varying surface textures (each with a diameter of 6 cm) and two
smooth-surfaced balls (with diameters of 10 cm and 6 cm, respectively).
The object recognition experiment was further performed by using a
charge amplifier (TLO64AD operational amplifier, Sungine), and the
signal was detected by amplifying the output signal of the piezoelectric
sensor using an STM32F103C8T6 microcontroller (Fig. S9). Similar to
the identification experiment preparation of the piezoresistive sensor, a
standard piezoelectric signal measurement experiment was conducted
using the same circuit configuration. The piezoelectric sensors were
worn to grasp each object 20 times, with the output peak signals
recorded for each channel. These peak values were then averaged to
establish the standardized signal value for each channel. The normali-
zation process employed the CMYK representation, where the percent-
age change in the M-value reflected variations in the piezoelectric signal
strength. Specifically, as the absolute value of the piezoelectric signal
increased, the M-value percentage also increased, representing greater
surface roughness. For instance, an output voltage of 0 V corresponded
to an M-value of 0 %, while an output voltage peak > 4 V corresponded
to an M-value of 100 %. Based on this method, the CMYK standard
values for each channel were recorded. To assess the piezoelectric sen-
sor’s ability to detect surface features, the mean value (Ave) was used to
represent the overall surface curvature, while the standard deviation
(SD) reflected the internal complexity of the surface topography. The
Ave and SD values for eight test objects were recorded as standard ref-
erences. During detection, the actual Ave and SD values were compared
with the standard references with an allowable error margin of + 5 %,
allowing the microcontroller to match the results and determine
recognition accuracy. When the sensor grasps a ball, it generates signals
as depicted by the curve in Fig. 4g. Interestingly, even when using the
same sensor, the signal exhibits both positive and negative values in
both directions and varies among different spheres; moreover, for a
given sphere, the output signals are different between sensors. These
variations arise due to non-uniform curvatures on object surfaces that
result in contact at different points during grasping. The color area
shown in Fig. 4g represents the intensity maps of normalized signal
peaks from these five piezoelectric sensors. The calculated Ave and SD
values for each measured object were recorded in the lower panel,
quantitatively reflecting the surface information of the measured object
in the form of data. It could be observed that varying surface curvatures
significantly influence the signal outputs from piezoelectric sensors,
with increased surface curvature resulting in higher output signals [43].
Relevant diagrams and theoretical formulas are presented in Fig. S14.
For instance, object II possesses the largest surface curvature, therefore
leading to the largest output signal; while the smooth ball has minimal
surface curvature and therefore the smallest output signal. According to
the above test method, 50 grasp recognition experiments were con-
ducted on eight objects (I-VIII), the corresponding recognition results
were recorded, and the obtained recognition rate matrix was shown in
Fig. 4h. The fabricated piezoelectric sensor demonstrates enhanced
suitability for resolving the surface shape of the sphere, achieving an
impressive accuracy of 98 % for different surfaces with similar sizes.
However, recognition accuracy drops to 32 % for smooth spheres VII
and VIII, which exhibits nearly identical curvatures. The experimental
results demonstrate that the piezoelectric film composed of PZT and
H-PDMS retains its piezoelectric properties even after damage. Specif-
ically, the WHBs in H-PDMS play a critical role in quickly restoring the
damaged sensor. Additionally, the SHBs enable the sensor to recover its
mechanical properties and improve sensing capabilities within 24 h of
self-healing. However, due to the irreversible damage to the gold elec-
trodes upon initial damage, the sensor’s performance exhibits a gradual
decline after multiple damage events.
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3.4. Dual-mode tactile sensing strategy for object recognition

Single-mode sensors have their own advantages and disadvantages
in object recognition. Piezoresistive sensors can only recognize the size
of an object, while piezoelectric sensors can only determine the surface
contour of the object. Therefore, combining these two types of sensors
enables more accurate object recognition. In our experiments, we
selected three objects (No. 1: d=10 cm, smooth; No. 2: d=6 cm, smooth;
No. 3: d=6 cm, rough) that cannot be well recognized by a single sensor.
We analyzed and normalized the signals captured from both the pie-
zoresistive (R) and piezoelectric (E) sensing layers. For the accuracy
recognition of dual-mode signals, it is also necessary to normalize the
piezoresistive and piezoelectric signals respectively, and then superim-
pose the values of each proportion of the two CMYK color blocks to form
a single new color block. Similar to the standard signal determination
experiment of the independent sensing layer, the CMYK color block
standard value of the measured object is established. In the actual object
recognition experiment, if the error of each ratio value of CMYK
detected and each ratio value of standard CMYK is within + 5 %, the
recognition is successful. The two signals from the dual-mode sensing
system (D) were combined to obtain a color-coded representation via the
CMKY color symbols (Fig. 5a). This coupled signal block provides better
discrimination compared to using a single sensor alone. In machine
recognition, an object can be distinguished based on this color block
after coupling with reference to a standard image (Fig. S15). As illus-
trated in Fig. S15, the x-axis denotes the proportion of the C-Value in the
CMYK color model, where an increase corresponds to smaller object
sizes. The y-axis indicates the M-Value proportion, with higher values
reflecting increased surface roughness. This means that objects with
rougher surfaces (larger surface curvature) are located higher above the
chromaticity diagram, while objects with smaller sizes are positioned
further to the right of the standard image. The combination of the pie-
zoresistive sensor and piezoelectric sensor not only allows for recog-
nizing objects of different sizes but also enables distinguishing between
objects with varying surface morphology, achieving a recognition rate of
96 % (Fig. 5b). In order to verify the recognition accuracy of the dual-
mode sensing system, the two sensors are cut under the r.t. conditions.
After 24 h of self-healing and subsequent object recognition experiment,
the recognition rate still remains at 96 %. Moreover, a comprehensive
comparison is performed between our sensing system and other sensors
reported in the literature [47-54] that featured self-healing and sensing
recognition capabilities (Fig. 5¢). The results highlight the superiority of
our sensing system across multiple dimensions, including sensing mo-
dalities, self-healing time, self-healing efficiency, mechanical properties
before and after self-healing, and electrical signal recovery during
self-healing events.

To investigate the influence of sensor deployment positions on dual-
mode sensing performance, comparative experiments were conducted
by placing the sensors at different positions on mechanical claws. When
mounted on the outer surface of the mechanical claw (Fig. S16a), the
piezoresistive sensor effectively distinguishes fruit size (Fig. S16b) but
fails to detect surface roughness. Conversely, the piezoelectric sensor
mounted on the outer surface exhibits weak signals with significant
spurious peaks (Fig. S16c) due to insufficient direct contact with the
fruit, making surface roughness detection ineffective. When the sensors
were mounted on the inner side of the mechanical claw in direct contact
with the fruit (Fig. S16d), the piezoresistive sensor could not detect the
bending angle of the claw, making it unsuitable for fruit size determi-
nation (Fig. S16e). However, the piezoelectric sensor successfully de-
tects surface roughness but fails to distinguish fruit size (Fig. S16f).
Therefore, to achieve optimal dual-mode sensing performance while
minimizing damage from litchi thorns, the piezoresistive sensor is
mounted on the lateral bending mechanism on the outer side of the claw,
and the piezoelectric sensor is positioned on the inner side (Fig. 5d).

As an application demonstration, the integration of these sensors
with a mechanical claw is anticipated to be employed in the lychee
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Fig. 5. Object recognition and detection application of self-healing sensors for dual-mode sensing. (a) Two sensing color-block signals and mixed CMYK color-block
signals obtained when three objects were grasped by wearing the sensors. (b) Matrix of recognition rates of three objects. (¢) Comparison graph of this work with
other self-repairing sensors. (d) Detecting the quality of lychee using a mechanical claw with fully self-healing dual-mode tactile sensing system. (e) Electrical signal

for detecting the quality of lychee.

tactile inspection for grading the quality of lychee. The dual-mode
sensing strategy enables differentiation based on lychee size and sur-
face roughness. For the normalization of lychee quality detection, ad-
justments are essential to account for the variations in size and surface
characteristics between lychees and small spheres. Specifically, for the
piezoresistive sensor, when the absolute value of the resistance change
rate is 0 %, the corresponding C-value percentage is set to 0 %, and
when the absolute value of the resistance change rate reaches or exceeds
32 %, the C-value percentage is set to 100 %. Similarly, for the piezo-
electric sensor, an output voltage of 0 V corresponds to an M-value
percentage of 0 %, while an output voltage peak of 7.5V or higher
corresponds to an M-value percentage of 100 %. By analyzing the
sensing signals, lychee quality is effectively classified based on the depth
of CMYK color blocks (Fig. 5e). Thus, the quality of lychees can be
graded based on size and peel roughness, using the criteria outlined in
Table S1. The exceptional self-healing properties of the dual-mode
sensing system further enhance its durability, making it suitable for
practical applications in object recognition and automated fruit sorting
using robotic systems.

4. Conclusion

Inspired by the self-healing mechanism of human fingers and their
tactile sensing process in object recognition, we have developed two
types of sensors with inherent self-healing capability and dual-mode
sensing strategy for precise object recognition and classification. The
piezoresistive sensor is a composed of H-PDMS and liquid metal ink,
enabling the creation of a highly linear and accurate detection of an
object’s size through finger joint bending. Additionally, the piezoelectric
sensor incorporated with PZT particles in H-PDMS effectively captures
surface topography information of an object by detecting the contact
force exerted by a finger. By integrating the two sensing modes and
employing a CMYK color block overlay to visually represent both size
and surface information of the detected object, the recognition rate of

10

the sensing system can reach 96 %. The dual-mode sensing system uses
functional self-healing H-PDMS material as the base material of the
sensor, exhibiting remarkable self-healing properties akin to human
skin, demonstrating an outstanding self-healing efficiency in mechanical
property, reaching 93 % after a 24-h healing period at room tempera-
ture. Additionally, the electrical signal recovery efficiencies for the
piezoresistive and piezoelectric sensors are 95 % and 93 %, respectively.
The exciting self-repairing capability attribute to two types of hydrogen
bonds with different strength and recombination ability, namely SHBs
with quadruple hydrogen bonding provide excellent elasticity, while
WHBSs effectively dissipate strain during deformation. As a demonstra-
tion, the fully self-healing dual-mode sensing system can classify lychee
fruit quality into four distinct grades: optimal, sub-optimal, ordinary,
and inferior. This highlights their significant potential for intelligent
sorting systems in fruit quality assessment.
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