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Abstract: Chemical plating has recently been employed for the preparation of flexible piezoresis-
tive sensors; however, plating solutions and processes that affect the sensitivity still need further
exploration. In the study, a sponge-based flexible sensor with copper as its conductive material is
prepared using electroless plating. The variation in sponge resistance and sensitivity changes with
different plating times are studied. It is found that, with the increasing plating time, the conductivity
increases and the resistance of sample will decrease. Moreover, the range of resistance difference will
decrease under compression, thus the sensitivity decreases. Furthermore, the sensor’s applications
were assessed, verifying the practicability of the developed preparation method. This study may
bring ideas for the new development of flexible pressure sensors.

Keywords: flexible piezoresistive sensor; porous structure; high sensitivity; electroless plating process

1. Introduction

In recent years, with the development of wearable gadgets used in health monitoring,
research on sensors has greatly deepened and expanded, with aims of high quality, flexibil-
ity, sensitivity, and response speed [1-5]. Flexible sensors can easily attach to individuals’
skin, solving the mismatch between rigid planar sensors and human body curves. Based
on their working mechanism, flexible sensors are divided into capacitive, piezoelectric,
and piezoresistive sensors used for monitoring pressure, temperature, humidity, and so
on [6~11].

Flexible piezoresistive sensors have attracted significant attention and are widely used
in electronic skin, soft robotics, health monitoring, and so on [12,13]. There were many
attempts in the applied magnetism and engineering to create flexible pressure sensors of
different types. Melzer fabricated [Co/Cu] multilayers revealing a giant magnetoresistance
(GMR) effect on free-standing elastic poly (dimethylsiloxane) (PDMS) membranes [14]. A
series of multilayer thin-film structures based on Fe20Ni80 and Fe11Ni89 with Cu or Ta
spacers were designed, prepared, and investigated [15]. Flexible magnetoimpedance (MI)
sensors fabricated using a NiFe/Cu/NiFe tri-layer on Kapton substrate have been studied
by Li [16]. Many methods have been developed for preparing high-performance flexible
piezoresistive sensors [17-19]. Conductive nanomaterials, such as graphene, carbon nan-
otubes, and metal nanomaterials, with elastomeric material, such as PDMS, PU, SBS, and
Ecoflex, are integrated to form composites [20-28]; however, for the sensors to perform well,
conductive fillers and elastomeric materials must be controlled. For example, the composite
conductive thin film was prepared with a spraying method by shadow masks [29]. This
preparation method is simple and low-cost, but the electrical property is largely affected
by material deformation and the sliding between conductive nanomaterials. To solve the
problems, the sensor structure is designed with regard to the wave structure, effectively
decreasing the influence of material deformation [30,31]. Other sensor structures, such as
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spring and net-shaped, have been developed [32-34]. Although the preparation methods,
such as template and electrospinning, coupled with the designed sensor structures have
further applications [35,36], the requirements of material stretchability and stability are still
difficult to meet, along with mass production challenges [37].

In recent years, materials with three-dimensional (3D) network structures have been
widely used in every field thanks to their simple and economical production along with
excellent stretchability and stability [38-40]. Graphene with 3D networks has been exten-
sively studied for its great electrical conductivity and mechanical performance. Nev-
ertheless, some preparation methods, such as CVD and hydrothermal reduction, are
complicated [41-44]. For instance, three-dimensional porous polymer composites with
graphene networks prepared by CVD and PEDOT /PSS coating showed high conductiv-
ity [38]. However, their complicated and costly preparation methods make mass production
and wide application difficult. In a recent report, 3D graphene sponge flexible sensors
with great performance are prepared by the electrodeposition method, but the derived
microcracks significantly influence the resistance variations when stretched [45]. In further
research, the chemical plating method is applied in the preparation of 3D graphene sponge
flexible sensors; compared with the electrode position method, there are no microcracks
in the preparation process, making it suitable for good conductivity and uniform coating.
Although chemical plating is appropriate for preparing flexible piezoresistive sensors,
plating solutions and other experimental processes affect the sensitivity [46], requiring
further exploration.

In this paper, the chemical plating method is applied for preparing high-sensitivity
and flexible piezoresistive sensors based on the porous sponge, the experiment cost is low,
and finite element analysis is employed to demonstrate the flexible piezoresistive sensors’
mechanism. The sensitivity is raised to 98.5% and the application of wearable gadgets is
verified by flexible circuit.

2. Materials and Methods
2.1. Materials

Materials: Sponge (polyurethane, 5 mm thickness) was produced by Nanjing Saneduo
Sponge (Nanjing, China); CuSO4 5H,0 (99 wt%) and HCl (37.5 wt%) were purchased
from Beijing Chemical Works (Beijing, China); NaKC4H4Og4 (99 wt%), NazPO,-12H,0
(98 wt%), SDBS (90 wt%), and NayCO3 (99.8 wt%) were from Tianjin Guangfu Technology
Development Co., Ltd. (Tianjin, China); NaOH (96 wt%) was from Tianjin Beichen Founder
Reagent Factory (Tianjin, China; NiCl,-6H,O (98 wt%) and SnCl,-2H,O (98 wt%) were from
Tianjin Yongsheng Fine Chemicals Co., Ltd. (Tianjin, China); HCHO (36 wt%) was from
Liaoning Quan Rui Reagent Co., Ltd. (Liaoning, China); Op-10 emulsifier (99 wt%) was
from Tianjin Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China); and PdCl; (99.9 wt%)
was from Tianjin Chemical Reagent Third Factory (Tianjin, China).

2.2. Preparation Methods

A 5 mm thick low-density sponge was cut to 70 mm x 50 mm. There are no special
requirements for the type and size of sponges. The types of sponges are common in
the market. Other types of sponges are also operable. Sponge size is also important
for the purpose of uniform specifications, and different sizes of sponges also have this
feature. An electroless copper plating sponge composite mainly includes six steps: cleaning,
sensitization, activation, reduction, plating, and post-treatment, as shown in Figure 1.

® Cleaning

The purpose of the substrate and, consequently, the sponge cleaning is to ensure
obtaining the ideal catalytic activity, mainly including alkaline and ultrasonic cleaning.

A. Alkaline cleaning. Ingredients of alkaline cleaning solution: 20-40 g/L NaOH,
20-30 g/L NayCOs3, 5-10 g/L NazPO4-12H,0, and 1-3 g/L OP-10 emulsifier. Alkaline
cleaning process: 10 min at 70 °C.
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B. Ultrasonic cleaning. After alkaline cleaning, the sample is immersed in CH3COCH3
solution, followed by ultrasonic cleaning for 2 min with an ultrasonic instrument, and then
immersed in deionized water for 1 min.

NaOH
AN : Na,CO, 3 P -
Al Na.rO. {Ultrasonls;  Sensitized
cleaning ~: T34 ‘cleaning :
Y ifier - © SnCl-2H,0
- OP-10 emulsifier CH,COCH, | RO
sponge e : s tog e
- E“?\O‘:H:o
¥ iy vaKC H, O
. ‘-“‘f;;..., NaOH
Post .‘“ Xy (‘gﬂé\_l’lating Reduction
. » ¥ . r
“processing (AR TeY Naco, 10% HCHO

L] 3

] NiCl,-6H,0
HCHO
SDBS

Figure 1. Schematic diagram of the flexible piezoresistive sensor preparation process.

(@ Sensitization

The purpose of the sensitization is to adsorb a layer of easily oxidized material in-
side and on the sponge’s surface as a reducing agent for catalytic metal ions during the
subsequent activation treatment. The sensitizing solution comprises 20 g/L SnCl,-2H,O
and 40 mL/L HCL. The sensitization process is carried out at room temperature for 6 min.
During the sensitization process, the sponge must be pressed to ensure the sensitization
liquid is fully in contact with the inner space support of the sponge. Finally, it is cleaned
with a deionized water press for 30 s.

(® Activation

The purpose of activation is to generate a catalytic metal layer inside and outside of
the sponge as a catalyst for the REDOX reaction during the following electroless plating.
The activation solution comprises 1 g/L PdCl, and 10 mL/L HCL. The activation process
takes 6 min at room temperature and requires the sponge to be pressed to ensure that
the activation fluid can make full contact with the inner space of the sponge. Finally, it is
cleaned with a deionized water press for 30 s.

® Reduction

The purpose of reduction is to improve the catalytic activity of the substrate’s surface,
accelerate the deposition rate of the electroless copper plating solution, and prevent con-
tamination of the electroless copper plating solution. The reducing solution comprises 10%
HCHO. The reduction process involves stirring at room temperature for 3 min. During the
reduction process, the sponge must be pressed to ensure the sensitization liquid is fully in
contact with the inner space support of the sponge.

® Plating

The purpose of plating is to reduce the metal ions in the electroless plating solution to
their metal state and deposit them on the surface of the plated parts to form a copper film.
The plating solution consists of 10 g/L CuSO4-5H,0, 40 g/L NaKC4H4O4, 8 g/L NaOH,
2 g/L. NayCOs, 1 g/L NiCly-6H,0, 20 mL/L HCHO(36%), and 0.5 g/L SDBS. The plating
process takes 30 s of being pressured in a 40 °C water bath box.

® Post-processing

The purpose of post-treatment is to remove the residual liquid and means processing
in a drying oven at 50 °C for 30 min after thoroughly cleaning with deionized water.
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2.3. Testing Methods

Scanning electron microscopy (SEM, SU3500, HITACHI, Tokyo, Japan) was employed
to observe the samples” morphologies. The accelerating voltage of the SEM microscope
was 15 kV, measuring the distance at 58 mm, and the magnification was 50.

An energy-dispersive spectrometer (EDS, 550i, IXRF, Austin, TX, USA) was used to
determine the samples’ elemental composition. The EDS’s accelerating voltage was 15 kV,
with a take-off angle of 35.0°.

A universal testing machine (ZQ-990B, Dongguan Zhigu Precision Instrument Co., Ltd.,
Dongguan, Guangdong, China) and a digital multimeter (KEYSIGHT-34465A, KEYSIGHT
Technologies, Springs, CO, USA) (as shown in Figure 2) were used to analyze the perfor-
mance of the attained sensor. During the measurement, two pieces of copper foil were
placed on the upper and lower surfaces of the sensor to act as conductors and the measuring
surface (as shown in the inset of Figure 2). As the indenter moves up and down, it can better
fit the surface of the sample, which is more accurate than the point measurement. Here,
0-100 N force was dynamically applied, with the pressure speed set as 1 mm/min. The
press exerts a force of 0 N-100 N on the sponge during the compression process, gradually
compressing and deforming the sponge and thinning the pores. When the loading force
reaches 100 N, the compression process stops. Under the deformation state of the 100 N
force applied by the press, it gradually decreases, and the sponge’s pores recover during the
recovery process. When the pressing force on the sponge measures at zero N, the sponge
recovers partial deformation before the cyclic compression. The press repeatedly applies a
force of 0-100 N, taking 20 cycles as an example.

Figure 2. Sensor performance test system ((left): press, (right): multimeter, (inset): resistance
measuring point).

2.4. Finite Element Analysis

Finite element analysis was employed to analyze the performance improvement
mechanism of the attained flexible sensor. The finite element software ANSYS (Version
2021, ANSYS, Canonsburg, PA, USA) was used to simulate the feasibility of the material as a
flexible sensor. The sponge compression process was simplified as only one porous material
and the press was simplified as an applied displacement. In the static analysis, the density
of the sponge is 40 kg/m?3, Poisson’s ratio is 0.38, and the modulus of elasticity is 0.9 Gpa;
the material was assumed as a flexible body owing to its deformation under pressure.
The porous material is meshed using 36,073 tetrahedral elements, determined through
a convergence analysis by gradually increasing the mesh density until the deviations in
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the estimated stress reach <5%. In order to control the sponge’s deformation accurately,
displacement was applied at the top of the material and fixed constraints were applied at the
bottom. The finite element analysis was divided into two steps. At first, the flexible material
was not deformed, followed by 5%, 10%, 15%, 20%, and 25% deformations. Secondly, a
12 V voltage to the top of the undeformed and deformed material and a 0 V voltage at the
bottom were applied, obtaining the resistance variation trends by averaging the current
density at the bottom of the material.

3. Results and Discussions
3.1. Structural Analysis

In this study, electroless plating was used for the first time to attach the copper to the
sponge’s surface and to its pores to functionalize the material. Many studies ignored the
high possibility of nanoparticles separating from the matrix material and causing severe
health problems to users when used as a wearable gadget for motion detection; therefore,
this study used harmless copper as the conductive filler material of the sponge.

Figure 3 shows the SEM images of sponges with different plating times. Figure 3a
shows the SEM images of sponges without copper plating. As can be seen from the
sample cross section, the sponge has a network structure inside without any attachments.
Figure 3b—g show samples with different plating times ranging from 1 to 10 min. It can be
deduced that the sample’s surface changes and the sponge is covered with a layer of dense
copper with folds evenly distributed. The copper film uniformly covers the surface and
the sponge’s pores and forms a network. The sponge’s pores fill up with the increasing
plating time and the copper film of the sample thickens, demonstrating that copper is
successfully deposited on the sponge’s surface. The reduced copper is coated on the sponge
during preparation and penetrates the interconnecting holes. The SEM images show the
microstructure of the copper-coated sponge and the interconnecting pores covered by
the copper.

L 1.00 mm 1.00 mm | . . 1.00 mm

1.00.mm

Figure 3. Scanning electron microscopy images of samples with different plating times: (a) unplated,
(b) 1 min, (c) 1.5 min, (d) 2 min, (e) 4 min, (f) 8 min, and (g) 10 min.

3.2. Elemental Analysis

Based on the electroless plating method, the copper mass fraction in the sponge’s
pores is controlled by the plating time in the study. Figure 4 shows the energy spectrum of
sponge samples before and after plating. As shown, the elements in the sample without
plating are mainly carbon and oxygen, with the carbon content being the largest. After
plating, a tiny amount of palladium, tin, and a large amount of copper appeared, while the
proportion of copper increased significantly to about 95%.
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Figure 4. (a) The SEM and (b) energy spectrum of the sample before copper plating; (c) the SEM and
(d) energy spectrum of the sample after copper plating.

3.3. Mechanical Property Analysis

Sponge is a kind of material with a porous structure; it is insulated, soft, elastic, and
does not easily undergo plastic deformation. Based on the above characteristics, the sponge
is analyzed after copper plating. Figure 5 shows the deformation of the sponge-based
sensor subjected to cyclic compression load, divided into two phases of compression and
recovery. Figure 5a,b show the load and sponge’s deformation during the first hour of
testing. The load is cycled with the test time changes. When the maximum peak value
force (100 N) is applied, the deformation of the sponge is the largest, and it is the least
when applying the minimum peak value (0 N). Increasing the test time brings the sponge
deformation closer to stability at the tenth cycle (at minute 15). Figure 5¢ shows the stress—
strain curve, demonstrating that the sponge can still be nearly restored to its initial state
under many load cycles, thus indicating that the compressibility of a sponge-based material
is a feasible flexible sensor.

@ 33 )
1004
o A A
80+ g | | |
<H| |H\ AT e e R GE
540. ‘ ’ ‘ 52.0- 'l|'-.
5 |
204 1.54
N AR REELLLL
0 10 20 30 40 50 "o 10 20 30 40 S0 60
Time/min Time/min
2= (©)
3.0-
254
£ 204
EI.S-
1.04
0.5-
Y —
0.0 02 04 06 0.8 1.0 1.2 14 1.6 1.8 2.0 2.2

Stress/MPa

Figure 5. (a) Cyclic force curve applied by the press, (b) cyclic compression deformation curve of the
sample, and (c) the stress—strain curve of the sample.
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3.4. Finite Element Analysis

As shown in Figures 6 and 7, in the finite element model, the variation law of resistance
can be obtained by measuring the current/current density at the same voltage. The voltage
of the upper surface of the sample is set to 12 V, the voltage of the lower surface is set to
0V, and the meshes are unchanged. The average current density is obtained by solving the
model. The average current density of the undeformed sponge is 142,260 mA /mm?, the
average current density of 5% deformation is 176,070 mA / mm?, the average current density
of 10% deformation is 192,460 mA /mm?, the average current density of 15% deformation
is 208,800 mA /mm?, the average current density of 20% deformation is 223,320 mA/ mm?,
and the average current density of 25% deformation is 230,590 mA /mm?. It can be seen
that increasing the deformation increases the current density and decreases the resistance
against a constant voltage. Among the prepared materials, the copper-coated sponge has
relatively high conductivity. This is because of the fact that a large amount of deformation
under compression will directly increase the effective cross-section area and decrease
the length of the sponge pore unit, thus decreasing the electrical resistance, leading to
the resistance variations according to different deformations. In addition, the deposition
thickness of copper increases with the increasing plating time within the study (as shown in
Figure 3), indicating the copper content deposited in sponge pore is improved. Under this
condition, the electrical resistivity will decrease, and it can be inferred the copper-coated
sponge has better conductivity. However, in this study, when the reaction time is too long,
the prepared plating solution will be out of work at the temperature of the water bath, so
this effect is not observed with a long plating time. Therefore, the copper-coated sponge
has advantages to be selected as a flexible piezoresistive sensor material.

3.5. Sensor Performance Analysis

The process used in this study can produce sensors with different sensitivities. There-
fore, it is necessary to characterize and compare their sensitivities by various methods to
determine their performance, benefits, and potential applications. Through the electroless
plating of copper on the surface of the sponge, it can conduct electricity. The copper-plated
sponge is equivalent to a flexible sensor and shows good electrical conductivity. AR/Ry
represents the sensitivity, where AR = R, — Ry, Ry represents the sensor’s resistance against
a particular stimulus, and Ry represents its initial resistance.

Figure 8 shows the resistance distribution fitting curve of the sample sponge under
one cyclic loading pressure. As demonstrated by the figure, the left half section of the
horizontal axis is force unloading while the right half is force loading. It can be deduced
from the results that the maximum value of the resistance fitting curve is when the pressure
is equal to 0 N and the sponge porosity is at a maximum. The sponge’s minimum volume is
achieved, the pressure is 100 N, and the sponge’s pores are completely closed, equivalent to
a conductor with a constant resistance value. Under cyclic loading pressure, the resistance
presents a periodic distribution.

As shown in Figure 9, within the plating time range of 1 to 10 min, the sensor’s
conductivity increases with the increasing plating time. The sensor’s conductivity with
a 10 min duration is the highest, with its resistance measured at 0.128 () under 0 N and
0.015 O3 under 100 N, respectively. In comparison, it is the lowest with a one-minute
duration, with its resistance measured at 355,828 () at 0 N and 4369 () at 100 N. This
difference is due to the increase in plating time, the actual coverage of the copper on
the unit area of the sensor, and the decrease in the sensor’s equivalent resistance. If the
plating time is infinite, theoretically, the copper will completely cover the sponge and fill
every pore.

The piezoresistive sensitivities of sponges with different plating times were compared
to determine the sensor with the best performance parameters. The results are shown in
Figure 10. In this study, the sensor prepared within one minute of plating time shows the
highest sensitivity, at around 99%, while the one prepared with 10 min of plating time has
the lowest sensitivity, measured at around 88%. This is due to the porous sponge’s pores
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being filled with more conductive materials and becoming smaller with the increasing
plating time. Therefore, the conductivity is enhanced and the sponge’s resistance to pressure
is reduced. It is proven that the sensor’s sensitivity prepared by this process is tunable and
has a potential application.

To evaluate the sensor’s performance further, they were compared to the same types
of sensors developed in previous literature [47] (as shown in Table 1).

Table 1. Comparisons of the sensors’ performance.

Matrts M Compesion— Colton oo e Cotboydne v sy 0
Sponge 50.0% 1.5-3.0% 70.0% <90.0%
Sponge 50.0% 3.0% 70.0-85.0% <90.0%

Sponge (this paper) 85.0% 0% 0% 98.8%

The comparison shows that the sensor developed in this study has higher sensitivity,
more stability, and compression recovery properties, and the preparation process is more
straightforward and with lower costs compared with others.

Figure 6. Deformation of sponge with different displacement constraints: (a) no deformation, (b) 5%,
(c) 10%, (d) 15%, (e) 20%, and (f) 25%.
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Figure 7. Current density of sponges with different deformations: (a) no deformation, (b) 5%, (c) 10%,
(d) 15%, (e) 20%, and (f) 25%.
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Figure 8. Resistance distribution fitting curve of the sample sponge under one cyclic loading pressure.
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Figure 9. The resistance of sponge with different plating times: (a) before compression and
(b) after compression.
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Figure 10. Sponge sensitivity at different plating times.

3.6. Sensor’s Application Analysis

Biocompatibility has to be considered when developing sensors that are usually
attached to individuals’ skin and can cause health issues. In this study, copper is attached
to the sponge’s pores’ walls. When used for human motion detection, the manufacturing
process developed in the study would avoid the possibility that nanoparticles separate
from the surface of the elastomer as a result of repeated circulation. It is safe for the user
and suitable for commercial human motion detection products. In this study, copper was
embedded into the sponge’s pores to significantly reduce the possibility of tearing during
use. This advantage makes the sensors developed in this study suitable for wearing.

In order to visually characterize the sensor’s performance, LED lamps and a power
supply were connected to form a series circuit. As shown in Figure 11, the LED lamp
is lit when the switch is off, indicating the sensor’s good conductivity. The LED lamp’s
brightness is significantly enhanced when pressure is applied to the sensor. Similarly, as
shown in Figure 12, by increasing the bending angle, the fitting surface of different shapes is
simulated and the LED lamp’s brightness is significantly enhanced. The sensor’s resistance
gradually reducing with the compression load can explain this.

The sponge, with its porous structure prepared by electroless plating, has potential
applications for monitoring a wide range of pressure stimuli in wearable, flexible electronic
gadgets and other related fields.
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Figure 12. Flexible switch applications: (a) 180°, (b) 150°, (c) 120°, and (d) 90°.

4. Conclusions

Flexible pressure sensors constitute an important part of the applications of flexible
electronic sensing systems and have been widely used in biomedical engineering, robotics,
and other fields. In the study, a sponge-based flexible sensor with copper as its conductive
material is prepared using electroless plating. The sponge’s resistance and sensitivity
changes with different plating times are studied. We found that increasing the plating time
decreases the resistance value, and sensitivity gradually decreases while the conductivity
increases. In this study, the sensor prepared within one minute of plating time shows the
highest sensitivity, at around 99%, while the one prepared with 10 min of plating time has
the lowest sensitivity, measured at around 88%. Furthermore, the sensor’s applications
were assessed, verifying the practicability of the developed preparation method for flexible
sensors. This study brings forth new ideas, simplifies the preparation process, and reduces
production expenses for flexible pressure sensors.

There are still limitations to this paper, which could be further investigated in future
studies: (1) more materials with better conductivity should be considered as sensors’
conductive materials; (2) further improvement in the preparation method and process of
the sensors is necessary to advance their overall performance.
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Abstract: Stretchable and flexible tactile sensors have been extensively investigated for a variety of
applications due to their outstanding sensitivity, flexibility, and biocompatibility compared with
conventional tactile sensors. However, implementing stretchable multimodal sensors with high
performance is still a challenge. In this study, a stretchable multimodal tactile sensor based on
conductive rubber composites was fabricated. Because of the pressure-sensitive and temperature-
sensitive effects of the conductive rubber composites, the developed sensor can simultaneously
measure pressure and temperature, and the sensor presented high sensitivity (0.01171 kPa~! and
2.46-30.56%/°C) over a wide sensing range (0-110 kPa and 30-90 °C). The sensor also exhibited
outstanding performance in terms of processability, stretchability, and repeatability. Furthermore,
the fabricated stretchable multimodal tactile sensor did not require complex signal processing or a
transmission circuit system. The strategy for stacking and layering conductive rubber composites of
this work may supply a new idea for building multifunctional sensor-based electronics.

Keywords: multimodal sensors; stretchable tactile sensors; resistance-type sensors; conductive
rubber; carbon nanomaterials

1. Introduction

Stretchable and flexible tactile sensors for direct human body contact applications are
attracting increasing interest in academic and industry fields. With the development of
stretchable and flexible electronics, high-performance stretchable tactile sensors play an
increasingly important role in a variety of applications including human motion detection,
stretchable smart robots, human-machine interaction, and wearable medical devices [1-4].

Numerous studies have reported on the development and fabrication of highly stretch-
able and sensitive tactile sensors. According to their working mechanism, tactile sensors
include resistance [5], capacitance [6,7], piezoelectric, and triboelectric-type sensors [8]. To
improve stretchable tactile sensor performance, researchers have enhanced their structures
and morphologies [9-12], and prepared stretchable tactile sensors or sensor arrays [13-15]
via complex microelectronic processes [16-18] and bionic methods [19,20]. For example,
Chen et al. created a graphene-based resistive strain sensor with a sensitivity of 20.1 [5],
and Gao et al. fabricated a capacitance-type sensor based on conductive silicone rubber and
pure PDMS that can detect dropping water, feet lifting, and walking [6]. Pyo et al. fabricated
a pressure sensor with a multi-layered structure and high sensitivity (26.13 kPa~!) over a
wide pressure range (0.2-982 kPa) [10]. Jian et al. also fabricated a pressure sensor with
high sensitivity (19.8 kPa~!, <0.3 kPa), a low detection limit (0.6 Pa), and a fast response
time (<16.7 ms) due to its bionic hierarchical structures [19].
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Tactile properties require a combination of roughness, hardness, thermal conductivity,
temperature, humidity, sharpness, vibration, force, and other parameters in human skin
through contact with surface objects [21-23], thus the development of multifunctional or
multimodal tactile sensors has gained interest worldwide [24-28]. Unlike human skin, most
stretchable sensors can only effectively sense one parameter, and researchers are investigat-
ing stretchable tactile sensors with improved stretchability, ductility, and sensitivity and
measurement ranges. In addition, many conductive composite materials used as stretchable
tactile sensors are sensitive to one type of tactile stimulus (mostly pressure or strain), as
well as other parameters such as temperature and humidity [29-31]. Efforts were already
made to engineer stretchable sensors that can detect various parameters simultaneously.
For example, Liu et al. reported a stretchable multimodal sensor that can detect multiple
stimuli with only one device by spraying a mixture of carbon black (CB) and reduced
graphene oxide (rGO) on a paper substrate [32]. However, it was troublesome for the
sensors in this report to distinguish different stimuli. Jung et al. also proposed a stretchable
device containing pressure, temperature, and piezoresistive hair-type flow sensors, the lat-
ter of which was fabricated with a mixture of carbon nanotubes and polydimethylsiloxane
piezoresistive materials [27]. However, the sensor manufacturing process in the study was
complicated because each sensitive layer was prepared separately, and the output signals
were diverse. Current multimodal sensors are limited by complex manufacturing processes,
high cost, and complex signal processing. Therefore, challenges remain to implementing
high performance multimodal sensors.

In this study, we developed a new stretchable tactile sensor consisting of conductive
rubber composites with improved sensitivity, measurement range, and measurement
functionalities. Due to its unique advantages, such as good conductivity, high chemical
and thermal stability and low toxicity, carbon materials have great application potential in
the field of stretchable and flexible sensors. For example, CNT has good conductivity, high
aspect ratio and excellent flexibility. In addition, GP also has excellent flexibility and good
conductivity, while CB has the advantages of low cost and good conductivity. Therefore,
different conductive rubber composites were prepared with these carbon nanomaterials
as conductive fillers in this work. Because rubber materials have good stretchability and
biocompatibility, we constructed stretchable tactile sensors with silicone rubber materials
and carbon nanomaterials [33-35]. The conductive rubber composites were prepared with
carbon nanomaterials (multiwalled carbon nanotubes (MWCNTs), carbon black (CB), and
graphene (GP)) incorporated into room temperature vulcanized silicone rubber (RTV). After
testing the reinforcement of the conductive fillers on the mechanical and electrical properties
of the conductive rubber composites, the stretchable tactile sensors were fabricated with
a conductive rubber composite film as the sensitive layer. Then, an appropriate material
ratio was selected according to the experimental data to properly integrate the stretchable
multimodal tactile sensor. The fabrication method used in this study was simple and
inexpensive. Based on the pressure-sensitive and temperature-sensitive effects of the
conductive rubber composites, a final stretchable multimodal tactile sensor with a dual-
sensitive layer was designed and fabricated. This sensor, with a simple structure and
manufacturing process can simultaneously measure pressure and temperature. Since there
are two signal outputs, the signal processing of this sensor was simple and did not interfere
with each other. In addition, the stretchable multimodal tactile sensor developed in the
study showed good sensitivity when exposed to compression at different temperatures.

2. Experimental Detail
2.1. Materials

Superconducting carbon black (CB) powder (CABOT BP2000) was purchased from
Hefei Saibo New Materials Co., Ltd., Hefei, China. Multilayer graphene (GP) (5-10 layers,
95% purity) and multi-wall carbon nanotubes (MWCNTs) (TF-25001, inner diameter 3-5 nm,
outer diameter 8-18 nm, length 3-12 pm, 95% purity) were obtained from Suzhou carbon
graphene Technology Co., Ltd., Suzhou, China and were used as conductive fillers to
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fabricate the conductive rubber composites. Room temperature vulcanized silicone rubber
(RTV) (viscosity: 10,000 mps) and its curing agent were purchased from Jinan Guobang
Chemical Co., Ltd., GB-107, Jinan, China. The RTV was subsequently used as the matrix
material. A conductive paint pen (6 mL) whose volume resistance is 2.5 mQ)/mm? and
curing time is 24 h was purchased from Shenzhen Xinwei New Material Co., Ltd., Shenzhen,
China. PET tape which was used as a stretchable electrode was purchased from Shenzhen
Ausbond Co, Ltd., Shenzhen, China. High temperature resistant PET tape (thickness 60 pm)
was used as a substrate to carry the sensors, and fiberglass adhesive tape was used as an
insulating material to encapsulate the sensors.

2.2. Equipment

An analytical balance (ME104E /02, Mettler Toledo instruments (Shanghai) Co., Ltd.,
Shanghai, China) was used to weigh the experimental materials. The conductive fillers
were dispersed in anhydrous ethanol using an ultrasonic disperser (FS-100t, Shanghai
Shengxi ultrasonic Co., Ltd., Shanghai, China), and the conductive fillers, curing agent, and
rubber matrix were evenly mixed with a digital display electric mixer (JB300-SH, Shanghai
Specimen and Model Factory, Shanghai, China). After mixing, the conductive rubber
composites were vacuumed with a vacuum pump (V-1140SV, Zhejiang Value Mechanical
and Electrical Products Co., Ltd., Wenling, China). Then, the conductive rubber composites
were spin-coated on the surface of a culture dish with a spin coater (12 A, Zhangqiu
Guanpai Electronics Co., Ltd., Zhangqiu, China). A vacuum drying oven (DZF6050,
Shanghai YIHENG Technical Co., Ltd., Shanghai, China) was used to provide a curing
temperature environment for the conductive rubber composites. A DC power supply
(ITe411, Taiwan ADEX Electronics Co., Ltd., Nanjing, China) was used to test the volt-
ampere characteristics of the conductive rubber composites. In addition, a desktop digital
multimeter (34465 A, Keysight Technologies Co., Ltd., Beijing, China) was used to test
the electrical signals of the conductive rubber composites. An electronic universal testing
machine (ZQ-990, Zhiqu Precision Instruments Co., Ltd., Dongguan, China) was used
for the pressure and stretch test (Supplementary Materials), and a constant temperature
heating table with a double digital display (JF-965S, Dongguan Jinfeng Electronics Co., Ltd.,
Dongguan, China) was used to provide the proper temperature environment. Lastly, a
scanning electron microscope (SEM) (5-4800, Hitachi, Ltd., Tokyo, Japan) was used to
observe the microstructures of the conductive rubber composites.

2.3. Preparation of the Conductive Rubber Composites

The fabrication process of conductive rubber composite film was shown in Figure 1a.
The materials were prepared according to the following steps. First, the weighed conductive
fillers were stirred and dispersed in ethanol with a glass rod, the volume of ethanol was
30% of that of the rubber matrix material. Then the conductive fillers were dispersed in
an ultrasonic disperser for 1 h. Next, RTV matrix proportional to the conductive filler
was added to the beaker and the mixed material was stirred at 300 rpm using an electric
stirrer for 30 min. Subsequently, a curing agent with a mass fraction of 5% of the RTV
matrix was added and stirred with an electric stirrer at 500 rpm for 30 min. Next, a vacuum
pump was used to continuously remove any bubbles at a vacuum degree of —0.09 MPa
for 30 min. Then, the liquid mixture was removed with a needle tube and injected into a
polytetrafluoroethylene mold or PS culture dish, and then the mixed liquid materials were
spin-coated at a speed of 200 rpm for 120 s. Finally, the mixtures were placed in a vacuum
drying oven and maintained at 60 °C for 24 h.

Three types of carbon nanomaterials, including zero-dimensional (0-D) CB, 1-D CNT,
and 2-D GP, were used as the conductive fillers. Combining various conductive fillers was
advantageous, as the percolation threshold of the composite conductive fillers could be
effectively reduced [36]. A pre-experiment was conducted to determine the mass ratio of
the series of conductive rubber composites, and the quality of conductive filler is 8% of that
of RTV matrix. For the conductive rubber composites containing hybrid fillers of CB/GP or
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groups of conductive rubber composites were successfully prepared and tested.
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Figure 1. (a) Schematic of the conductive rubber composite fabrication process, (b) structure of the
fabricated stretchable tactile sensor, and (c) photograph of the fabricated stretchable tactile sensor.

2.4. Preparation of the Stretchable Tactile Sensor

The stretchable compression and temperature-sensitive sensor developed in this study
was assembled layer by layer, and the structure of the stretchable tactile sensor is shown
in Figure 1b, while Figure 1c shows a photograph of the sensor. The preparation process
of the stretchable compression-sensitive and temperature-sensitive sensor was as follows.
First, two parallel conductive paths were drawn on the sticky side of the PET tape using
a conductive copper paint pen. Second, 30 x 30 mm conductive composite films were
cut and transferred to the side of the PET substrates coated with electrodes. Thirdly, the
unfinished sensors were cured in a vacuum oven at 60 °C for 2 h, and then the electronic
wires were welded on the cured electrode for testing. Finally, surface packaging was
fabricated with fiberglass tape. The stretchable stretch-sensitive sensor was assembled in
a similar manner. However, to prevent any effects on the stretch test, the PET tape was
only used as the substrate in sections containing electrodes. In addition, the shape of the
conductive composite film that was applied to stretch-sensitive sensor was modified, from
30 x 30 x 1mm to 10 x 50 x 1 mm to obtain a wider deformation range during stretch
test. After testing different conductive rubber composites, a stretchable multimodal tactile
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sensor with a dual-sensitive layer was assembled. The two conductive rubber composites
with temperature and compression sensitivity properties were stacked together to provide
mutual insulation and an orthogonal arrangement of the electrodes. This uncomplicated
method guaranteed that the input signals were unified while the output signals were
processed separately.

2.5. Characterization of the Stretchable Tactile Sensor

The volt-ampere characteristics of sevens conductive composite films with the same
shape (10 x 50 x 1 mm) were tested from 0 to 9 V with a DC power supply. The
conductivities of conductive rubber composites can be calculated from the volt-ampere
characteristic curves.

The mechanical properties were tested using an electronic universal testing machine
using dog-bone conductive rubber composites. These samples were prepared with NC
machined polytetrafluoroethylene mold to meet the testing standards, and elastic modulus,
tensile strength, and elongation at break were measured. Following the GB/T528-2009
standard, the cross-sectional area of the specimens was 4 x 2 mm, with a gauge distance
of 25 mm [37-39]. The moving speed of the fixture in the universal testing machine was
50 mm/min until the specimens broke. During the stretch test, three specimens of each
conductive rubber composite type were used to ensure the repeatability of the test results.
The test devices mainly included loading equipment, a desktop digital multimeter, and
a PC. The loading equipment consisted of an electronic universal testing machine and a
constant temperature heating table with a double digital display. The electronic universal
testing machine was used to obtain the stretch and compressive test results, by replacing
the fixture, and the performance of the stretch-sensitive and the compression-sensitive
sensor was tested with a desktop digital multimeter and the electronic universal testing
machine. To study the response of the stretchable tactile sensor to pulling and pressures,
the probes of the digital multimeter were fixed on the universal testing machine fixture,
so that they could move synchronously. In the stretch test, both ends of the stretchable
tactile sensor were clamped in the jaws of the upper and lower fixtures. In the compression
test, the sensor was fixed on the lower round flat top portion of the electronic universal
testing machine fixture. The electronic wires welded on the electrodes were then connected
with the probes from a digital multimeter. The four-wire resistance method was used to
eliminate the effects of contact resistance. When applying compression or stretch to the
sensor, the resistance changes in the sensor were recorded by the digital multimeter. During
the stretch test, the loading speed of the stretch stroke was 2 mm/min [37], and when the
strain approached the elongation at break, the fixture returned automatically at a speed of
5 mm/min. During compression testing, the loading speed of the compression stroke was
0.5 mm/min [38], and when the pressure was greater than 110 kPa, the fixture returned
automatically at a speed of 100 mm/min. The sampling interval of the desktop digital
multimeter was 0.01 s.

For the temperature-sensitive property measurements, the sensor was fixed to the
surface of the constant temperature heating table, and sensor resistance changes were
recorded by the digital multimeter. Starting from 30 °C, the temperature varied at inter-
vals of 5 °C [32]. The resistance was tested three times and the average resistance was
recorded, and the sampling interval of the desktop digital multimeter was 0.01 s. The
cross-sectional morphologies of the conductive rubber composites were observed with a
scanning electron microscope. To inspect the dispersion quality of the conductive fillers,
the cross-sections of the conductive composites were magnified by 20,000x and 50,000 % at
3-5 kV accelerating voltage.

3. Results and Discussion
3.1. Morphology of Conductive Rubber Composites

Figure 2 depicts the cross-section scanning electron microscopy (SEM) micrographs of
the conductive rubber composites, showing that the conductive fillers were well-dispersed
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in the RTV matrix and formed conductive pathways which, indicated by blue arrows in the
Figure 2a,b, show the SEM micrographs of the pure silicone rubber and conductive silicone
rubber filled with CB, respectively. Figure 2c,d shows the SEM micrographs of the conduc-
tive rubber composites containing the CB/CNT and CB/GP hybrid fillers, respectively.

Figure 2. (a) SEM micrographs of RTV films of 20,000 (i) and 50,000 x (ii) magnification,
(b) SEM micrographs of CB-embedded composites films at 20,000 x (i) and 50,000 (ii) magni-
fication, (c) SEM micrographs of the CB/CNT-embedded composites films at 20,000 x (i) and
50,000 (ii) magnification, (d) SEM micrographs of the CB/GP-embedded composites films at
20,000x (i) and 50,000 % (ii) magnification.

3.2. Mechanical Properties and Conductivities of Conductive Rubber Composites

The volt-ampere characteristics of the seven conductive rubber composites are shown
in Figure 3a. According to a previous study [36], the percolation threshold of the carbon-
based conductive filler was approximately 5-8 wt%. The rubber transformed into the
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conductive rubber composites when the conductive filler concentration exceeded the
percolation threshold, and the conductive fillers overlapped and made contact with each
other throughout the matrix [40-42].
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The experimental results showed that CNT greatly improved the conductivity of the
CB-embedded composites. When the mass ratio of CB and CNT was 1:1, the conductivity
was more than 20 times that of the non-CNT-embedded composites. This was due to
the high aspect ratio of CNT, which could effectively form overlapping conductive paths,
and led to the synergistic effect of high conductivity at a low mass fraction of conductive
fillers [41]. However, the embedded GP did not significantly affect the conductivity of
the CB-embedded composites, which was possibly caused by the poor conductivity of GP
embedded in the RTV matrix, and it is less able to disperse in the material compared with
CNT [42].

The elastic modulus, tensile strength, and elongation at break of the conductive
rubber composites with various mass ratios are shown in Figure 3b. Compared with the
original rubber material, the tensile strength and elastic modulus of the conductive rubber
composites increased with the introduction of CB. In addition, the tensile strength and
elastic modulus of the conductive rubber composites further improved with the continuous
addition of CNT. The tensile strength and elastic modulus increased by about 50% at the
peak (CB:CNT = 3:1), and the elongation at break of the CB-embedded composites increased
by 50% when the mass ratio of CNT and CB was 1:1. With continuous addition of GP,
the elastic modulus decreased by 35% (CB:GP = 1:1); however, the tensile strength and
elongation at break increased by 75% and 200% at the peak (CB:GP = 3:1), respectively. The
high tensile strength was attributed to the reinforcement of the conductive fillers, which
effectively transferred the load between the carbon nanomaterials.

L. Valentini et al. prepared ethylene-propylene-diene terpolymer rubber (EPDM)-
based nanocomposites containing carbon black (CB), graphene nanoplatelets (GNPs), and
mixtures of the two fillers [43]. They found that CB or silica when added to elastomers create
a modulus that increases with strain. Besides, the sample EPDM-6 (i.e., 2 wt% of GNPs and
24 wt% of CB) showed a higher increment of the maximum strength along with a higher
elongation at break with respect to the EPDM/CB blends. Unlike this study, the elongation
at break of the sample EPDM-6 (i.e., 2 wt% of GNPs and 24 wt% of CB) is less than the
sample EPDM without any fillers. This may relate to the fact that too much filler affects the
good flexibility of EPDM. In another study, Md Najib Alam et al. explored the dispersion
and reinforcement performance of binary fillers in natural rubber [44]. They found that
binary fillers with a 1:1 ratio of silica to graphite powder provide excellent mechanical
performance. Moreover, thermal oxidative aging resistance properties compared with
single fillers and the binary filler system at only 20 phr of filler content shows an improved
modulus and stress-at-break of approximately 110% and 15%, respectively, compared with
the unfilled rubber vulcanizate. Their study also shows that the synergistic effect brought
by various fillers is worthy of attention.

3.3. Characterization of Stretchable Tactile Sensors
3.3.1. Stretch and Compression-Sensitive Properties

Lastly, the stretch-sensitive and compression-sensitive characteristics of the materials
were tested. Relative changes in resistance (AR/Ry) were obtained as the output signal of
the sensor, and the stimulus was the pressure or strain provided by the universal testing
machine. The gauge factor (GF) was used to evaluate the sensitivity, as it is considered
one of the most important sensor performance parameters. The GF of stretch-sensitive
characteristic was defined as: GF = (AR/Ry)/Ag, and the GF of compression -sensitive
characteristic was defined as: GF = (AR/Rg)/AP, where AR/Ry is the real-time relative
change in resistance, R is the initial resistance, R is the real-time resistance, ¢ is the strain,
and P is the pressure [5]. The experimental stretch and compression sensitivity results of
the fabricated sensors are shown in Figure 4.
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Figure 4. The test results and schematic of the test devices, showing the relative resistance changes
in the conductive rubber composite stretchable tactile sensors with various material mass ratios as
a function of strain (a) and pressure (b), and (c) relative changes in the resistance of the stretchable
tactile sensors as a function of temperature, and (d) schematic of the test devices.

Figure 4a shows the relative resistance changes due to stretch. According to the
stretch test results, GF showed a sharp increase with increased strain, which indicated
that the sensitivity was dependent on strain. It is found that the sensitivity was higher
when the strain was higher. This was attributed to the conductive paths, which were
significantly reduced with maximum strain and when cracks appeared in the material [45].
With increased strain, the possibility of irreversible damage also increased. Therefore,
GF was calculated in different strain ranges with good linearity. For example, the GF of
4CB4CNT-RTV was 37.45 (0-12%) and 247.54 (12-20%), and the linear fitting results of
4CB4GP-RTV showed that the GF in the linear range was 12.03 (0-20%) and 81.68 (20-35%).
The GF of 5.33CB2.67CNT-RTV was 14.73 (0-20%) and 84.56 (20-30%), and the GF of
5.33CB2.67GP-RTV was 20.39 (0-15%) and 115.99 (15-20%). The GF of 6CB2CNT-RTV was
4.54 (0-15%) and 13.65 (15-25%), the GF of 6CB2GP-RTV was 25.11 (0-10%) and 129.81
(10-20%), and the GF of 8CB-RTV was 2.63 (0-40%). In conclusion, the GF values of the
stretchable tactile sensors prepared in this study were 2—40 under low strain and 80-250
under high strain, and these values were similar to the reported results [45,46].

Figure 4b shows the pressure response curves of the sensors. The results of the
compression test showed that most sensors exhibited excellent linearity. As shown in
Figure 4b, the relative change in sensor resistance increased when exposed to pressure.
According to the test results, the fabricated sensors exhibited excellent linearity for most
samples. The GF of sensors based on different materials was also calculated. The data
of 4CBACNT-RTV showed that the GF in the linear range was 0.00204 kPa~—!. The GF of
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4CB4GP-RTV was 0.00577 kPa—!. The GF of 5.33CB2.67CNT-RTV was 0.00 401 kPa—?!, and
the GF of 5.33CB2.67GP-RTV was 0.01097 kPa—!. In addition, the GF of 6CB2CNT-RTV was
0.01171 kPa~!, the GF of 6CB2GP-RTV was 0.01161 kPa—!, and the GF of 8CB-RTV was
0.00803 kPa~—!. In conclusion, the GF values of the conductive rubber composite stretchable
tactile sensors under compression were 0.00204-0.01171 kPa~!, and these values were
higher than the reported results [47,48].

3.3.2. Temperature-Sensitive Properties

Temperature is also important in tactile property and temperature-sensing is essential
for many systems. The temperature test results from this study are shown in Figure 4c.
Similarly, the GF for temperature sensitivity was defined as the ratio of relative change
in resistance to the temperature: GF = (AR/R)/AT, where AR/Ry is the relative change
in resistance, Ry is the initial resistance, R is the real-time resistance, and T is the tem-
perature [49,50]. The resistance of the stretchable tactile sensor changed with increasing
temperature according to the temperature resistance data. In this study, 4CB4GP-RTV
and 5.33CB2.67GP-RTV exhibited higher sensitivities according to the test results. The
GF of 4CB4GP-RTV was 2.92%/°C (30-50 °C), 11.39%/°C (50-70 °C), and 19.14%/°C
(70-90 °C). The GF of 5.33CB2.67GP-RTV was 1.39%/°C (30-50 °C), 5.62%/°C (50-70 °C)
and 19.91%/°C (70-90 °C), which was higher than commercial platinum temperature
sensors (0.39%/°C). The test results showed that the temperature sensors fabricated in
this study had excellent temperature-sensitive characteristics, and the GF values of the CB-
embedded conductive rubber composite were 0.89%/°C (30-50 °C), 3.06%/°C (50-70 °C),
and 13.92%/°C (70-90 °C). In contrast, the temperature sensitivity of the conductive rubber
composites containing hybrid CNT/CB fillers was low. These results showed that the tem-
perature sensitivity of the conductive rubber composites with synergistic effects should be
considered according to different situations. Thus, embedded CNTs can inhibit the positive
temperature effect of conductive rubber composites, and an increasing quantity of CNTs
causes a more obvious effect. However, embedded GP can enhance the positive tempera-
ture effect of the conductive rubber composites. Thus, with increasing GP mass ratio, the
positive temperature effect of the conductive rubber composites significantly improved.

This work showed that the sensitive characteristics of the conductive rubber compos-
ites embedded with hybrid conductive fillers differed from those only embedded with
CB. In addition, compared with the CB-embedded conductive rubber composites, the
CNT/CB-embedded and GP/CB-embedded conductive rubber composites had higher GF
values and a wider linear range in stretch and compression tests. The excellent sensitive
characteristics of the conductive rubber composites containing hybrid conductive fillers
may thus be related to the improved mechanical properties and observed synergistic effects.

In general, the results showed that the synergistic effect significantly impacted the
sensitive characteristics of the conductive rubber composites, which can benefit the design
and preparation of stretchable multimodal tactile sensors. The results also showed that
the sensitivity and linearity of 5.33CB2.67GP-RTV were excellent, especially in the stretch,
compression, and temperature tests. However, 6CB2CNT-RTV only exhibited better sensi-
tivity characteristics in compression. To differentiate the functionalities of the two sensitive
layers, these two materials were further studied in subsequent experiments.

The tensile, compression and temperature sensitivities of conductive rubber compos-
ites with different material ratios in the work are summarized in Table 1.
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Table 1. Sensitivities of conductive rubber composites with different material ratios.
Conductive Bubber Temperature Sensitivity Stretch Sensitivity Comp.re?ss.lon
Composites Sensitivity

0.89%/°C (30-50 °C)
8CB-RTV 3.06%/°C (5070 °C) 2.63 (0-40%) 0.803% kPa~1
13.92%/°C (70-90 °C)

4.54 (0-15%)

~ [ -1
6CB2CNT-RTV 13.65 (15-25%) 1.171% kPa
25.11 (0-10%) o o1
6CB2GP-RTV 129.81 (10-20%) 1.161% kPa
5.33CB2.67CNT-RTV 14.73 (0-20%) 0.401% kPa~!

84.56 (20-30%)

1.39%/°C (30-50 °C)
5.33CB2.67GP-RTV 5.62%/°C (50-70 °C)
19.91%/°C (70-90 °C)

20.39 (0-15%)

) -1
115.99 (15-20%) 1.097% kPa

37.45 (0-12%)

o -1
247.54 (12-20%) 0.204% kPa

4CB4CNT-RTV

2.92%/°C (30-50 °C)
4CBAGP-RTV 11.39%/°C (50-70 °C)
19.14%/°C (70-90 °C)

12.03 (0-20%)

) -1
81.68 (20-35%) 0.577% kPa

3.3.3. Sensing Properties Stability

The repeatability and reproducibility of stretchable tactile sensors are important fac-
tors that need to be considered for practical use. As shown in Figure 5, the stretchable
5.33CB2.67GP-RTV and 6CB2CNT-RTV tactile sensors were tested 500 times under stretch
and 1500 times under compression cyclic loading-unloading [51,52]. The maximum strain
load was 30% and the maximum pressure load was 50 kPa. Additionally, the speed of
the stretch and compression strokes were 50 and 5 mm/min, respectively, and the output
signal was the resistance of the sensors. When subjected to cyclic loading-unloading, the
stretchable tactile sensors showed a drift in electrical signals. Specifically, the average
resistance of sensors decreased with an increasing number of stretch loading-unloading
cycles, and increased with increasing compressive loading-unloading cycling. This phe-
nomenon was more noticeable in the curves for the 5.33CB2.67GP-RTV-based sensors. The
results also indicated that the fatigue properties of the CNT-embedded conductive rubber
composites were better than the GP-embedded conductive rubber composites. Thus, the
sensors showed good repeatability and few variations after 1000 loading-unloading cycles.

3.3.4. Sensing Mechanism

The cause of conductive rubber composites resistance changes under external stimuli
has been studied by researchers [53-55], and resistance increases with loading and decreases
with unloading proportionally, which is known as the positive force effect. The positive
force effect occurs due to the disassembly and reassembly of the conductive paths. When
an external force is applied, the conductive paths is destroyed due to the deformation
of the conductive rubber composites. However, when the applied load is removed, the
conductive rubber composites recover their shape and the conductive paths reassemble. We
observed that the resistance of the sensors fabricated in this work increased with increasing
stretch and compression, indicating that the results of the study followed this principle.
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Figure 5. Repeatability tests of the stretchable tactile sensors based on 6CB2CNT-RTV under stretch
(500 times) (a) and compression (1500 times) (b) cyclic loading-unloading. Repeatability testing of
the stretchable tactile sensors based on 5.33CB2.67GP-RTV was conducted 500 times stretch (c) and
1500 times for compression (d) cyclic loading-unloading.

The influence of temperature on the conductive rubber composites was divided into
positive temperature and negative temperature effects. The phenomenon where conduc-
tive rubber composites resistance increases with rising temperature is called the positive
temperature effect. This is in contrast to the phenomenon known as the negative temper-
ature effect. The mechanism of the positive temperature effect is due to the increase in
temperature, where the polymer crystalline phase melts and expands, which increases
the distance between the conductive filler particles. Hence, the resistance of the conduc-
tive rubber composites increased. The negative temperature effect occurred due to the
increase in electron transitions with increasing temperature. According to the literature, the
type and quantity of conductive fillers will significantly affect the dominant temperature
effect in the conductive rubber composites [55]. Most sensors fabricated in this paper
exhibited the positive temperature effect, which may be due to the high concentration of
conductive particles. Moreover, adding GP to CB-embedded rubber composites leads to a
more obvious temperature effect, while adding CNT to CB-embedded rubber composites
leads to the opposite result. The experimental results in this paper verify the principle of
temperature effect.

3.4. Preparation and Testing of the Stretchable Multimodal Tactile Sensor

According to the experimental results, the mass ratio of the material affects the sensi-
tive characteristics of the conductive rubber composites. In this study, 5.33CB2.67GP-RTV
and 6CB2CNT-RTV were used to fabricate the stretchable multimodal tactile sensors. Mul-
timodal stretchable tactile sensors with dual-sensitive layers were fabricated by stacking
the composites films, and the signals from the sensor units were sent out and analyzed
separately. The stretchable multimodal tactile sensor in this study can simultaneously
measure pressure and temperature.
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As shown in Figure 6, the sensitive characteristics of the two sensor units were tested
and recorded simultaneously. As shown in Figure 6a,b, the test was carried out under
different temperature gradients, and the results showed that with increasing tempera-
ture, the sensitivity of 5.33CB2.67GP-RTV increased. The positive temperature effect of
5.33CB2.67GP-RTV was more noticeable than 6CB2CNT-RTV. The seven resistance-pressure
curves of 6CB2CNT-RTV between 30 and 80 °C crossed each other in the low tempera-
ture range, while the resistance of 5.33CB2.67GP-RTV increased steadily with increasing
temperature. No cross phenomenon was observed in the resistance-pressure curves of
5.33CB2.67GP-RTV. In addition, the curve for 90 °C was far from the other curves because
the resistance increased sharply with increasing temperature.

[ —=—6CB2CNT
I ——5.33CB2.67GP

1 L L L 1 1 1 1 1 L L L 1 1 1 1 1 1 1 1 1 1 1 1 E 1 1 1 L 1 1 1 1 1 1 1 1
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Figure 6. Changes in resistance of the 5.33CB2.67GP-RTV (a) and 6CB2CNT-RTV (b) sensor units
as a function of pressure under different temperature gradients, (c) relative changes in resistance
of the stretchable multimodal tactile sensor based on 5.33CB2.67GP-RTV and 6CB2CNT-RTV as a
function of temperature, where the 3D surfaces were used to comprehensively illustrate the changes
in resistance of the sensor units based on 5.33CB2.67GP-RTV (d) and 6CB2CNT-RTV (e).

As shown in Figure 6a, the GF values of the curves were 0.0198-0.0252 kPa—!, and the
GF values of the curves shown in Figure 6b were 0.0018-0.0549 kPa~!. Compared with the
stretchable tactile sensors with a single sensitive layer, the sensitivity of the 6CB2CNT-RTV
sensor improved, while the GF of the 5.33CB2.67GP-RTV sensor fluctuated more than
the 6CB2CNT-RTV sensor. This was due to the multilayer structure of the stretchable
multimodal tactile sensor and the asymmetrical upper and lower arrangement of the
electrodes. To observe the resistance changes in the stretchable multimodal tactile sensor
under different stimuli, the 3D surfaces were used to illustrate the sensitivity characteristics
of the stretchable multimodal tactile sensor, as shown in Figure 6d,e.

The temperature test results are shown in Figure 6¢, which indicated better temper-
ature sensitivity of 5.33CB2.67GP-RTV compared with 6CB2CNT-RTV. The GF values of
5.33CB2.67GP-RTV were 2.46%/°C (30-50 °C), 8.62%/°C (50-70 °C), 30.56%/°C (70-90 °C).
The temperature sensitivity improved in each temperature range, which was possibly due
to the multilayer structure, reduced heat loss. Additionally, 5.33CB2.67GP-RTV was located
in the lower layer and thus closer to the heating table.
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We found that the resistance of the stretchable multimodal tactile sensor was affected
by both pressure and temperature, and the stretchable multimodal tactile sensor can
effectively monitor pressure and temperature simultaneously. Thus, similar methods
may be used to prepare stretchable tactile multimodal sensors that sense stretch and
temperature simultaneously.

4. Signal Processing Circuit and Sensing Test

To further validate the compression and temperature monitoring functionality of the
multimodal tactile sensors, a scene verification experiment was conducted. In this experi-
ment, an Arduino UNO board was used to convert the resistance of the sensor units into a
voltage signal, according to the voltage division principle. Afterward, resistance was calcu-
lated and output in real-time from the Arduino IDE to the PC, using a serial plotter. In the
resistance test program, an Arduino IDE multithreading library scoop was used to establish
the two-child thread algorithms to complete the simultaneous testing of the two sensor
units. The formula for the voltage division principle was: Uout = (Uin X R2)/(R1 + Ry),
where Ui, is the input voltage, Uoyt is the output voltage, R; is the reference resistance,
and R; is the resistance to be tested. The input voltage Ui, was set to 5 V and R, was
calculated based on the output voltage Uyt and the known Ry. Therefore, R, was the
real-time resistance of the sensor unit.

Figure 7a shows a photograph of the signal processing circuit of the stretchable
multimodal tactile sensor, and Figure 7b shows the measured resistance based on the
voltage division principle. The experimental signals were input into the PC through a
USB cable, and then the electric signal curves were displayed on the PC in real-time. As
shown in Figure 7c, the two real-time curves of the sensor units were observed in the
window of the Arduino IDE serial plotter. The first peak was the change in the signal due
to pressing of the sensor with a finger and then releasing it quickly. The second peak was
the change in the signal when a cup filled with 90 °C hot water was placed on the surface
of the sensor for 30 s and then moved away. The response amplitude of the two sensing
units caused by temperature and pressure stimulation is different, and the response time
of the two signals is significantly different. These measurement results further showed
that our stretchable multimodal tactile sensor can simultaneously measure pressure and
temperature and distinguish different stimuli. Therefore, this sensor holds potential for
multi tactile parameters perception applications.

(b)

Signal Processing Circuit

PC
|

sv ||

Arduino UNO

Arduino UNO

Sensor
unitl

Reference
resistance!
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USB Cable

Flexible Multimodal
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Figure 7. Cont.
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Figure 7. (a) Photograph of the signal processing circuit of the stretchable multimodal tactile sensor,
(b) schematic of the signal processing circuit, and (c) real-time relative changes in resistance of the
stretchable multimodal tactile sensor for monitoring finger pressing and pressing by a cup filled with
hot water.

5. Conclusions

In this work, stretchable and flexible conductive rubber composites with force-sensitive
and temperature-sensitive properties were fabricated, and we studied the mechanical and
electrical properties of the conductive filler embedded with conductive rubber composites.
The elastic modulus of the conductive rubber composites improved by 184% after embed-
ding with conductive fillers, and the elongation at break and tensile strength both improved
by 182% and 206%, respectively. Thus, our conductive rubber composites have potential
for academic research and industrial applications as stretchable and flexible stretch, com-
pression, and temperature sensors. Finally, a stretchable multimodal tactile sensor with
high sensitivity and a large measurement range was manufactured.

The developed stretchable tactile sensor exhibited compression sensitivity values of
0.00204-0.01171 kPa~! and stretch sensitivity of 2.63-37.45. The best temperature sensi-
tivity values of the conductive rubber composites were 2.92%/°C (30-50 °C), 11.39%/°C
(50-70 °C), and 19.14%/°C (70-90 °C). The test results of the stretchable multimodal tactile
sensor showed that the temperature sensitivity results of the sensor unit with the best
performance were 2.46%/°C (30-50 °C), 8.62%/°C (50-70 °C), and 30.56%/°C (70-90 °C).
The results thus showed that the stretchable multimodal tactile sensor fabricated in this
study can simultaneously monitor pressure and temperature. In addition, the signals were
stable and did not interfere with each other, and the fabricated stretchable multimodal
tactile sensor in the study did not require complex signal processing or a transmission
circuit system.

In summary, conductive rubber composites were prepared by embedding hybrid
conductive fillers, and a stretchable multimodal tactile sensor based on conductive rubber
composites was developed via a simple fabrication process. The sensitive characteristics
of the conductive rubber composites were tuned by embedding different carbon nanoma-
terials. The conductive composite stretchable multimodal tactile sensor exhibited high
sensitivity and a wide measurement range for sensing pressure and temperature. Further-
more, the cyclic loading-unloading tests showed that the tactile sensor was reliable and
durable. Therefore, this material can be used in various fields such as human-machine in-
terfaces in intelligent automobiles, stretchable smart robots, and wearable medical devices.
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Flexible multimodal tactile sensors have been widely used in health monitoring devices, flexible smart robots,
and human-machine interfaces in intelligent automobiles. In the present work, conductive inks embedded with
carbon fillers were optimized to fabricate flexible multimodal tactile sensors by a direct ink writing process.
Results showed that rheological properties and printing speed were key factors to print conductive paths with
controllable shape and good conductivity. Flexible multimodal tactile sensors were fabricated at different
printing speeds, and the effects of printing speed on sensing characteristics were observed. The flexible multi-
modal tactile sensors printed with conductive inks exhibited excellent sensitivities for temperature (up to
0.172 °C™Y), strain (1918.4), and pressure (610.208 kPa~!). Furthermore, cyclic loading-unloading tests
revealed that the as-fabricated flexible multimodal tactile sensors were reliable and durable. Finally, the
application potential of these sensors for multimodal perception was verified by detecting their responses to
finger flexion and extension, finger pressing, and hot air flow. The as-designed flexible multimodal tactile sensors
manifested excellent potentialities in health monitoring devices, flexible smart robots, and human-machine

interfaces in intelligent automobiles.

1. Introduction

Flexible tactile sensors, such as strain sensors, pressure sensors,
temperature sensors, are widely used in electrical skin (e-skin), flexible
robots, health monitoring devices, and intelligent human-computer
interaction systems [1-3]. Due to the development of advanced mate-
rials and manufacturing processes in recent years, the fabrication of
flexible tactile sensors with high sensitivity and excellent flexibility has
become feasible. Flexible tactile sensors can be divided into capacitive,
piezoelectric, and piezoresistive sensors according to their conversion
mechanisms [4-6]. Especially, piezoresistive sensors are widely used
because of their simple structure and wide detection range. Flexible
tactile sensors are generally fabricated by three-dimensional (3D)
printing, layer-by-layer assembly, lithography, and impregnation [7,8].
Among these methods, 3D printing has attracted considerable interest
and effort because of its advantages of low material waste and high
preparation efficiency [9-11].

Generally, 3D printing technologies include fused deposition

* Corresponding author.

modeling (FDM), digital light processing (DLP), selected laser sintering
(SLS), and direct ink writing (DIW) [12,13]. Dong Xiang et al. [14]
prepared flexible strain sensors with high-performance based on carbon
nanotubes (CNTs) and thermoplastic polyurethane (TPU) composites
embedded with graphene nanoplatelet (GNP) by the fused filament
fabrication (FFF) method and noticed that the printed CNT/GNP (3:1)/
TPU sensor had high sensitivity (maximum GF = 136,327.4), a large
perception range (0-250 % strain), and good durability (3000 cycles).
Pei Huang et al. [15] fabricated CF-filled conductive silicon rubbers
(CSRs) in an extrusion device and observed that the resultant CSRs had
good durability in cycling loading. Luyu Zhou et al. [16] reported an
integrated multimaterial 3D printing process consisting of the direct ink
writing of sealing silicone elastomer and a liquid mental-silicone (LMS)
ink to manufacture a high-performance LMS-based flexible sensor. Yi-
Fei Wang et al. [17] printed a flexible temperature sensor using cross-
linked poly (3, 4-ethylenedioxythiophene):poly (styrenesulfonate)
(PEDOT:PSS) and asserted that the introduction of (3-glycidylox-
ypropyl) trimethoxysilane (GOPS) and fluorinated polymer passivation

** Corresponding authors at: Key Laboratory of Bionic Engineering, Jilin University, Changchun 130025, PR China.
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(CYTOP) significantly enhanced the humidity stability and temperature
sensitivity of the PEDOT:PSS-based film. Yancheng Wang et al. [18]
fabricated a tactile sensor based on liquid metal by 3D printing for
multimodal tactile perception applications. They designed a digital light
processing-based printing method to engineer the tactile sensor with a
force sensitivity of 0.29 N~ and temperature sensitivities of 0.55 %°C ™!
at 20-50 °C and 0.21 %°C ! at 50-80 °C.

Although these sensors have strong potential as flexible tactile sen-
sors, their fabrication methods are not facile [19-21]. The use of
conductive inks with optimized rheological behavior in DIW can be an
effective approach to fabricating flexible tactile sensors with complex
shapes.

In comparison to other 3D printing technologies, DIW uses a wide
range of printable materials, such as electrical, biological, and structural
materials. In previous research [22-26], colloidal suspensions, hydro-
gels, thermosetting polymers, and escape inks have been used as ink
materials. The main parameters affecting the applicability of sensors
prepared by DIW include printing speed, ink viscosity, and nozzle
diameter. To print flexible sensors by DIW, different conductive ink
materials have been investigated [27-30].

Conductive printing inks generally contain matrix materials,
conductive materials, and diluents [31,32]. Silicone rubber and TPU are
common matrix materials. Carbon nanomaterials, metal nanowires, and
PEDOT/PSS are generally used as conductive materials. Naphtha and
ethanol are the most frequently used diluents [33-35]. Silicone rubber
has the advantages of good biocompatibility and flexibility; thus, it is
widely applied to flexible electronics [36-38]. Furthermore, carbon
nanomaterials, such as CNTs, CB, and GPs, are widely used to fabricate
flexible sensors. Carbon nanomaterials exhibit good conductivity and
high stability [39-42]. In the present work, conductive inks based on
silicon rubber and carbon nanomaterials were printed by DIW.

Flexible tactile sensors were prepared by DIW. Several groups of
conductive inks with different viscosity were prepared, and the in-
fluences of the rheological behavior of the inks and printing speed on
printed samples were analyzed. Sensors were fabricated at different
printing speeds using the conductive inks with optimized viscosity, and
the effects of printing speed on sensing characteristics were observed.
The printed flexible tactile sensors were tested under cyclic loading to
study their response stability. Finally, the potential application scenarios
of the as-fabricated flexible tactile sensors were presented.

2. Experimental details
2.1. Materials

Conductive carbon black (CB) powder (CABOT BP2000) was sup-
plied by Hefei Saibo New Materials Co. Ltd., Hefei, China. Multilayered
graphene (GP; 95 % purity) and multi-walled carbon nanotubes
(MWCNTs; TF-25001, 95 % purity) were provided by Suzhou Carbon
Graphene Technology Co. Ltd., Suzhou, China. CB, GP and CNT were
used as conductive components to prepare conductive inks. Room
temperature-vulcanized silicone rubber (RTV; GB-107, viscosity =
10,000 mpes) was supplied by Jinan Guobang Chemical Co. Ltd., Jinan,
China. RTV was used as the matrix material of conductive inks. Anhy-
drous ethanol (concentration > 99.7 %) was obtained from Tianjin
Yifang Technology Co. Ltd., Tianjin, China, and used as the thinner of
conductive inks. The electrodes of the sensor were copper foils, and they
(thickness = 0.05 mm) were supplied by Taizhou Lingbang Hardware
Technology Co. Ltd., Taizhou, China. Polydimethylsiloxane (PDMS;
Sylgard 184 Silicone, Dow Corning) was provided by Wuxi Fites Elec-
tronic Technology Co. Ltd., Wuxi, China, and PDMS films were used as
the flexible substrates.

2.2. Equipment

The conductive components, the curing agent, and the rubber matrix
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were evenly mixed in an electric mixer (JB300-SH, Shanghai Specimen
and Model Factory, Shanghai, China). The rheological properties of the
conductive inks were determined with a rheometer (MCR92, Anton Paar
Shanghai Trading Co. Ltd., Shanghai, China). A vacuum pump (V-
1140SV, Zhejiang Value Mechanical and Electrical Products Co. Ltd.,
Wenling, China) was used to defoam the conductive inks. A drying oven
(DZF6050, Shanghai Yiheng Technical Co. Ltd., Shanghai, China) pro-
vided the curing environment for the conductive inks. A digital multi-
meter (34,465 A, Keysight Technologies Co. Ltd., Beijing, China) was
employed to measure electrical signals generated from the sensors.
Pressure and stretching tests (Supplementary Materials) were conducted
with a universal testing machine (ZQ-990, Zhiqu Precision Instruments
Co. Ltd., Dongguan, China), and a constant temperature heater (JF-
965S, Dongguan Jinfeng Electronics Co. Ltd., Dongguan, China) was
used to supply temperature stimulation. A scanning electron microscope
(SEM; S-4800, Hitachi, Ltd., Tokyo, Japan) was employed to inspect the
microstructure of the conductive inks.

2.3. Conductive inks preparation

The fabrication process of conductive inks is displayed in Fig. la.
First, the conductive fillers were evenly distributed in the RTV with an
electric stirrer at 500 rpm for 10 min. The curing agent with a mass
fraction of 5 % of the RTV and ethanol with a certain proportion of the
volume of the RTV were then added to the mixture and stirred at 500
rpm for 20 min. A vacuum pump was used to remove bubbles from the
mixture at a vacuum degree of 0.01 MPa for 20 min.

Carbon nanomaterials, including CB, CNTs, and GPs were used as
conductive fillers. CB has the advantage of good conductivity and low
price, so all the ink in this study was embedded with CB. CNT and GP
have different microstructures from CB, and the multiple nanofillers will
bring synergistic effects. Therefore, this study also prepared two inks
which were further filled with CNT and GP based on CB ink to study the
influence of hybrid fillers on materials. The combination of different
conductive fillers can effectively reduce the percolation threshold of the
resultant conductive inks, which means conductive inks can obtain high
conductivity without too much embedded conductive filler [43,44]. A
pre-experiment was conducted to determine the mass ratios of the
resultant conductive inks, and 8 wt% of carbon black was embedded to
prepare CB ink. The mass ratio of CB:CNT/GP was 1:1 for the conductive
inks containing hybrid fillers. In this experiment, 18 types of conductive
inks with different carbon fillers and rheological properties were suc-
cessfully prepared and tested.

2.4. Preparation of flexible tactile sensors

2.4.1. Direct ink writing process

The conductive inks were printed by a DIW process. The conductive
inks were extruded by a pneumatic extrusion system. The movements of
each axis were controlled by a motion controller, and patterns to be
printed were set in the controller in advance. The basic printing pa-
rameters were set based on the pre-experimental results (Table 1).

As the rheological properties of inks have a significant effect on
printed samples, conductive inks with different rheological properties
were prepared and applied to DIW. Six groups of conductive inks were
printed according to pre-experimental results. The quality of printed
samples was evaluated by measuring their conductivity and width.
Samples with poor conductivity could not output electrical signals; thus,
they were not used to develop sensors. Moreover, when the printed
sample width was too large, it was difficult to control the shape. Fine and
complex patterns were printed by optimizing the rheological properties
of the inks.

2.4.2. Sensor fabrication
The preparation process of a flexible tactile sensor is presented in
Fig. 1b. First, the PDMS and the cross-linker were uniformly mixed and



C. Ma et al. Journal of Manufacturing Processes 87 (2023) 1-10
Stirring Rubber Mixture Ethanol Curing Agent
Silicone Rubber
~m
N
Conductive Ink Evacuation Stirring
Intake Duct
(B) —
Injector | Conductive Ink
\ N —
- |
§ Nozzle
\
Thermal Curing Flexible Tactile Sensor
Pattern Designing ~
PDMS Substrate
Direct Ink Writing
Fig. 1. (A) Conductive inks synthesis route and (B) preparation of flexible multimodal tactile sensors by DIW.
conductive inks at 25 °C.
Table 1

Parameters for the DIW process of conductive inks.

Printing Printing Printing speed Inner diameter of nozzle
pressure height (mm-min~') (mm)

(MPa) (mm)

0.3 5+ 0.5 60/70/80/90/ 1.4

100

cast on a Polytetrafluoroethylene (PTFE) mold and then annealed. The
resultant PDMS membrane was cut into the desired shape and used as
the flexible sensor substrate. The conductive inks with optimized rheo-
logical characteristics were then put into the syringe of the DIW printer.
The conductive inks were printed on the PDMS substrate after setting the
printing parameters and the printing path on the controller. The printing
parameters are listed in Table 1. The printed sensor was cured at 60 °C
for 24 h in the vacuum drying oven. In this experiment, 15 types of
sensors with simple patterns and several sensors with complex patterns
were successfully fabricated.

2.5. Characterization

2.5.1. Rheological property characterization

Five conductive inks with different rheological properties (Volume
ratio of ethanol to the rubber matrix = 10 %, 20 %, 30 %, 40 %, 50 %)
were prepared. The rheometer was used to determine the rheology of the

2.5.2. Conductivity measurement

The conductivity of the printed conductive inks was tested by the
desktop digital multimeter, and conductive path widths were measured
by a vernier caliper. In addition, 10 mm resistance was used as an index
to represent conductivity, and the maximum conductive path width was
taken as the result of shape characterization.

2.5.3. Sensitivity characterization

The as-fabricated flexible multimodal tactile sensors were sensitive
to tactile parameters (temperature, strain, and pressure); thus, their
sensitivity characterization was divided into three experiments. Pressure
and strain sensitivity tests were conducted on the universal testing
machine, and temperature sensitivity tests were executed by the heating
table equipped. Electrical signals were collected by the digital
multimeter.

The temperature of the heating table was set to 20 °C, 30 °C, 40 °C,
50 °C, 60 °C, 70 °C, and 80 °C. The heating table was kept at each
temperature for 1 min, and the average value of three tests was recorded
to ensure the validity of the results. During strain sensitivity tests, the
clip of the universal testing machine stretched the sensors and loaded
the strain at an interval of 0.04. The maximum strain was 0.2. During
pressure tests, the clip of the universal testing machine pressed the
sensors and applied pressure at an interval of 25 kPa. The maximum
pressure was 250 kPa. When the test sensors were more sensitive, the
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pressure was applied at an interval of 5 kPa and the maximum pressure
was 25 kPa. The sampling frequency of the digital multicenter was 100
Hz during all tests. The loading and unloading speeds of the clip of the
universal testing machine were 5 mm/min and 10 mm/min, respectively
[45,46].

2.5.4. Morphological observation

The cross-sectional morphologies of the printed conductive inks were
observed by the scanning electron microscope to examine the dispersion
state of the conductive fillers. The cross-sections of the printed
conductive inks were magnified by 10,000-50,000x at 3-5 kV.

3. Results and discussion
3.1. Rheological properties of conductive inks

The rheological behaviors of different conductive inks are presented
in Fig. 2. The percolation threshold of the conductive composites
embedded with carbon nanomaterials was 5-10 %. The insulating ma-
terial was transformed into the conductive elastomer when the
conductive filler concentration exceeded the percolation threshold;
subsequently, the conductive fillers overlapped and made contacts with
each other in the matrix. The mass fraction of the carbon fillers was 8 %,
and each filler accounted for 4 wt% of the conductive inks. Furthermore,
different volume fractions of ethanol were used to adjust the conductive
ink viscosity.

With the increase in the shear rate, the conductive ink viscosity first
decreased sharply and then gradually became stabilized. Moreover, the
conductive ink viscosity decreased with the increase in the volume
fraction of absolute ethanol. Little difference was noticed between the
viscosity of the conductive inks filled with CB and the conductive inks
filled with CB/CNTs, whereas the viscosity of the conductive inks filled
with CB/GPs was smaller than that of the other two groups. The addition
of 50 % ethanol (by volume) to the same ink material reduced the
conductive ink viscosity by 65-70 %.

3.2. SEM characterization results and sensitive mechanism

Fig. 3 displays the cross-sectional morphologies of the conductive
inks. It is noticeable that the carbon nanomaterials were well dispersed
in the RTV and created conductive pathways (marked by blue arrows).
Fig. 3a, b, and c present the SEM micrographs of the conductive inks
filled with CB, CB/CNTs, and CB/GPs, respectively.

When an external pressure or strain was applied, the conductive
networks were destroyed due to the deformation of the conductive inks.
When the pressure was removed, the conductive networks were reas-
sembled with the recovery of their shapes. The conductive inks man-
ifested a positive temperature effect; thus, resistance increased with the
rising temperature. With the rise of temperature, the polymer crystalline
phase melted and expanded; hence, the distance between conductive
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filler particles increased, causing the positive temperature effect
[39-42].

3.3. Effects of rheological properties

Six types of conductive inks were selected for DIW to study the in-
fluence of rheological properties on the printing process. The volume
fraction of ethanol and the parameters of DIW printing were determined
by a pre-experiment. In the pre-experiment, the conductive inks did not
block the nozzle during the printing process or flowed out of the needle
tube when there was no air pressure. All conductive inks were printed on
plastic Petri dishes. Linear conductive paths with complex patterns were
printed and tested.

The photographs and test results of the printed conductive paths are
presented in Fig. 4. It is noticeable from Fig. 4a and b that the forming
ability of conductive ink is better. When 30 vol% of ethanol was added,
whereas the conductive inks had better conductivity when the ethanol
content was 40 vol%. A small difference was detected in the conductive
path widths of the inks filled with CB and the inks filled with CB/CNTs,
whereas the conductive path width of the inks filled with CB/GPs was
larger than those of the other two groups. Spiral and folding line patterns
were printed with the conductive inks filled with CB added with 40 vol%
of ethanol (Fig. 4c). To sum up, rheological properties mainly affected
the shape and conductivity of the conductive inks.

3.4. Effects of printing speed

Three types of conductive inks (CB inks with 40 vol% of ethanol, CB/
CNTs inks with 35 vol% of ethanol, and CB/GPs inks with 25 vol% of
ethanol) were selected for DIW to analyze the influences of printing
speeds (60 mm/min, 70 mm/min, 80 mm/min, 90 mm/min, and 100
mm/min) on the printing process. The conductive inks were printed on
soft PDMS substrates, and the width and resistance of the printed
conductive paths were tested.

The photographs and test results of the printed conductive paths on
PDMS substrates are displayed in Fig. 5. It is noticeable from Fig. 5a—c
that the conductive inks path width decreased with the increasing
printing speed, whereas the conductivity of the inks got worse as the
printing speed increased. Although the rheological properties of the
conductive inks and the inner diameter of the nozzle were definite,
printing speed still had an influence on the shape and conductivity of the
printed conductive paths. The conductive path width at the printing
speed of 100 mm/min was reduced by 24-30 % as compared with that at
60 mm/min. The 10 mm resistance of the conductive path at 100 mm/
min increased by 70-140 % as compared with that at 60 mm/min. The
faster the printing speed, the higher the preparation efficiency.

3.5. Sensitivity

The sensitivity test results of the printed flexible tactile multimodal
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sensors are presented in Fig. 6. Three types of conductive inks (CB inks
with 40 vol% of ethanol, CB/CNTs inks with 35 vol% of ethanol, and CB/
GPs inks with 25 vol% of ethanol) and five different printing speeds (60
mm/min, 70 mm/min, 80 mm/min, 90 mm/min, and 100 mm/min)
were selected. The temperature, strain, and pressure sensitivities of
flexible tactile multimodal sensors are presented in Fig. 6a, b, and c,
respectively.

The sensitivity was used to analyze the sensitive characteristics of the
as-fabricated sensors. The temperature sensitivity was defined as the
ratio of the relative change in resistance to temperature; therefore,
S_temp (temperature sensitivity) = (AR/Rg)/AT, where Ry is the initial
resistance, AR is the resistance change, and AT is temperature change. It
was found that with the rising temperature, the resistance of the flexible
tactile multimodal sensors increased monotonously. The sensors printed

with the CB/GPs inks had the best sensitivity ranging from 0.017 °C™* to
0.172 °C™1, whereas the sensors printed with the CB inks and the CB/
CNTs inks had the best sensitivities of 0.027 °C~! and 0.07 °C’1,
respectively. Moreover, printing speed yielded different impacts on the
sensors printed by different types of conductive inks. Printing speed had
little impact on the sensitivity of the sensor printed with the CB inks.
However, for the sensor printed with the CB/GPs inks, the higher the
printing speed, the lower the sensitivity. On the contrary, for the sensor
printed with the CB/CNTs inks, the higher the printing speed, the
greater the sensitivity.

The strain sensitivity was defined as S_strain (strain sensitivity) =
(AR / Rg) / Ae, where Ry is the initial resistance, AR is the resistance
change, and Ae¢ is the strain change. With the increasing strain, the
resistance of the flexible tactile multimodal sensors increased greatly.
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conductive paths printed on PDMS substrates.

The fabricated sensors exhibited excellent linearity under the applied
strain. The sensors printed with the CB/GPs inks had the best sensitivity
ranging from 297.4 to 1918.4. The sensitivities of the sensors printed
with the CB inks and the CB/CNTs inks were 9.1-41.3 and 48.2-488.8,
respectively. Moreover, printing speed yielded the same impact on the
sensors printed by different types of conductive inks—the higher the
printing speed, the greater the sensitivity.

The pressure sensitivity was defined as S_pressure (pressure sensi-
tivity) = (AR / Rg) / AP, where Ry is the initial resistance, AR is the
resistance change, and AP is the pressure change. With the increasing
pressure, the resistance of the flexible tactile multimodal sensors
increased sharply. When an external pressure was applied, the conduc-
tive networks were destroyed due to the deformation of the conductive
inks. The sensor printed with the CB/GPs inks had the best sensitivity of
610.208 kPa~'; however, its detection range was smaller than those of
the other sensors. The sensitivity of the sensor printed with the CB/CNTs
inks ranged from 0.717 kPa~! to 90.885 kPa~!. The sensor printed with
the CB inks yielded the lowest sensitivity (ranging from 0.204 kPa~! to
0.919 kPa™1). Moreover, printing speed had a similar impact on the
sensitivity of the sensors printed with different types of conductive inks.
When the printing speed was 70-80 mm/min, the sensitivity of the
sensors was larger than those of the sensors printed at a higher or lower
speed. The results indicated that there is an optimum printing speed for
sensitivity to some extent.

Therefore, the flexible multimodal tactile sensors printed with
conductive inks exhibited excellent sensitivities for temperature (up to
0.172 °C’1), strain (1918.4), and pressure (610.208 kPa~1). For com-
parison, Jinhua Wu et al. [47] calculated the temperature and pressure
sensitivities of the flexible multimodal tactile sensor as —10.0 °C™* and
777 kPa~!, respectively. Liangren Chen et al. [48] found that the tem-
perature and strain sensitivities of the flexible multimodal tactile sensor
were —0.076 °C™! and 1.6, respectively. Hanbin Liu et al. [49] prepared
a flexible multimodal tactile sensor with temperature and pressure

sensitivities of 0.006 °C™! and 0.0059 kPa™!, respectively. Young Kim
et al. [50] designed a flexible multimodal tactile sensor with tempera-
ture and pressure sensitivities of 0.0024 °C~! and 0.034-0.05 kPa ™",
respectively.

Hence, the flexible multimodal tactile sensors printed by DIW had
good sensitivity for multifunctional tactile parameters. Printing speed
and carbon fillers affected the sensitivity and detection range of the
sensors. In addition to sensitivity, the lowest detection pressure limit
and resolution of the sensor need detailed experimental research in the
future with more sophisticated loading equipment.

3.6. Dynamic performance

The cyclic test results of the printed flexible tactile multimodal
sensors are presented in Fig. 7. Repeatability and reproducibility are the
two main factors for flexible tactile sensors. The sensor printed with the
CB inks at a printing speed of 60 mm/min was selected for the dynamic
test. The flexible multi-mode tactile sensors were tested at 1000 cycles of
strain and 2000 cycles of pressure [51-53]. The strain and pressure for
the dynamic test were 0.1 and 10 kPa, respectively. The speed of the
loading and unloading strokes was 20 mm/min, and output signals were
the real-time resistances of the sensor.

It can be seen from Fig. 7 that the R of the sensor decreases and in-
creases in varying degrees at the beginning of the cycle, and then tends
to be stable. This can be attributed to that the electrical connection
between the electrode and the conductive ink requires a certain pressure
stimulation to activate and the internal conductive path of the conduc-
tive composites needs some stimuli to form. Under cyclic loading and
unloading, the flexible tactile sensor yielded multiple signal peaks.
Overall, the sensors had good repeatability and small variations after
1000 and 2000 loading—unloading cycles.
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Fig. 6. Sensing characteristics of the printed flexible multimodal tactile sensors for (A) temperature, (B) strain, and (C) pressure.

3.7. Applications

To validate the multimodal monitoring functionalities of the flexible
multimodal tactile sensors, some application verification experiments of
the developed sensor were conducted. Fig. 8a displays the photograph
and test result of the sensor worn on the finger to detect finger flexion
and extension. Fig. 8b presents the photograph and test result of the
sensor under finger pressing stimulation. Fig. 8c exhibits the photograph
and test result of the sensor blown by hot air flow. Fig. 8d displays the
photograph and test result of the sensors installed at the heel and knee
joint to detect plantar pressure and knee joint motion during walking. It
is evident that sensor signal responses caused by pressure or strain
stimulation were faster than those caused by temperature, and it
happened because the speed of thermal expansion for the sensitive
materials was less than the speed of deformation caused by an external
force. Therefore, this sensor could detect mechanical and temperature
stimuli at the same time, and categories of stimuli can be distinguished
by the signal response time of the sensor to some extent. Fig. 8 manifests
the application potentials of the as-fabricated sensors as wearable de-
vices and electronic skins, and it is clear that the sensors had good
flexibility and stretchability. These results further showed that the
flexible multimodal tactile sensor could detect various stimuli. There-
fore, this sensor has the potential to be applied in the field of multimodal
tactile perception.

4. Conclusions

Conductive inks were prepared by mixing silicone rubber, carbon
nanomaterials, and anhydrous ethanol, and flexible multimodal tactile
sensors were fabricated by DIW. The influences of the rheological be-
haviors of the conductive inks and printing speed on the printed
conductive paths were investigated. The best diluent volume fraction
was determined, and full shape conductive paths with complex patterns
were successfully printed. The impacts of printing speed on the char-
acteristics of the printed sensors were analyzed.

Experimental results indicated that printing speed and the carbon
fillers greatly affected the sensitivities of the sensors. The flexible
multimodal tactile sensors printed with conductive inks exhibited
excellent sensitivities for temperature (up to 0.172 °C’1), strain
(1918.4), and pressure (610.208 kPa~ 1. Furthermore, durability tests
revealed that the flexible multimodal tactile sensors were reliable.

Finally, the application potentials of these sensors for multimodal
perception were verified by detecting their responses to finger flexion
and extension, finger pressing, and hot air flow. The as-designed flexible
multimodal tactile sensors manifested excellent potentialities in health
monitoring devices, flexible smart robots, and human-machine in-
terfaces in intelligent automobiles.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jmapro.2023.01.008.
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mE Flexible multimodal tactile sensors have been widely used in health monitoring devices, flexible smart robots, and
h hine i ini i iles. In the present work, conductive inks embedded with carbon

fillers were optimized to fabricate flexible multimodal tactile sensors by a direct ink writing process. Results showed
that rheological properties and printing speed were key factors to print conductive paths with controllable shape
and good conductivity. Flexible multimodal tactile sensors were fabricated at different printing speeds, and the
effects of printing speed on sensing characteristics were observed. The flexible multi-modal tactile sensors printed
with conductive inks exhibited excellent sensitivities for temperature (up to 0.172 degrees C-1), strain (1918.4), and
pressure (610.208 kPa(-1)). f cyclic loading: ing tests revealed that the as-fabricated flexible
multimodal tactile sensors were reliable and durable. Finally, the application potential of these sensors for
multimodal perception was verified by detecting their responses to finger flexion and extension, finger pressing, and
hot air flow. The as-designed flexible multimodal tactile sensors manifested excellent potentialities in health
monitoring devices, flexible smart robots, and human-machine interfaces in intelligent automobiles.
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