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Bionic electronic skin with human sensory capabilities has attracted extensive research interest, which has
been applied in the fields of medical health diagnosis, wearable electronics, human—-computer interaction,
and bionic prosthetics. Electronic skin tactile pressure sensing required high sensitivity, good resolution and
fast response for sensing different pressure stimuli. In particular, there were still great challenges in the
detection of wide pressure and the preparation of sensitive unit microstructures. Here, the direct-write
printing of Weissenberg principle to fabricate GNPs/MWCNT filled conductive composite flexible
pressure sensors on PDMS substrates was proposed. The effects of platform moving speed, microneedle
rotation speed and the number of direct-write times on the line width of the pressure sensitive structure
were investigated based on orthogonal experiments, and the optimal direct-write printing parameters
were obtained. The performance of the S-shaped polyline pressure sensor was tested, in which the

sensitivity could reached 0.164 kPa~!, and the response/recovery time was 100 ms and 100 ms
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Accepted 3rd July 2020 respectively. The capture cases of objects of different quality and objects with flat/curved surfaces were
successively demonstrated to exhibit its excellent sensitivity, stability and fast response performance. This

DOI: 10.1039/d0ra04431h work may paved the road for future integration of high-performance electronic skin in smart robotics
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1 Introduction

Flexible and stretchable electronics have great potential appli-
cation prospects in the fields of energy production,’ biomedi-
cine,>® bionic robots,"® wearable electronics.*® In particular,
artificial electronic skin simulates the basic characteristics of
human skin (such as pressure perception, stretchability and
transparency), which has attracted extensive research interest.’ In
order to exhibit the unique properties of human skin, electronic
skin must cover dynamic and irregular surfaces and withstand
a variety of repeated and prolonged mechanical stimuli, such as
pressure, strain, and flexion. Additionally, as a multifunctional
sensor, it must satisfy the requirements of high stretchability,
high sensitivity, wide sensing range, and fast responsivity.
Previous research is devoted to using different new sensitive
materials and various optimized structures to build flexible
pressure sensors with similar pressure sensing functions for
human skin. Until now, various flexible and stretchable physical
sensors that measure and quantify electrical signals generated
from human activity have been achieved based on different
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sensing mechanisms, in particular piezoelectricity, capacitance,
and piezoresistivity'® (as shown in Table 1). According to the
pressure sensing characteristics of biological skin, pressure
sensing is mainly includes into low pressure induction (0-10 kPa),
which can be used for human body vocalization, pulse, micro
touch; medium pressure induction (10-100 kPa), which is held in
hand pressure range can be used for health monitoring, plantar
pressure distribution, catching.” In order to get closer to the
sensitive characteristics of biological skin, most research litera-
ture mainly improves the sensitive characteristics and response
speed of flexible pressure sensors from the aspects of sensing
materials and sensing mechanisms. Wang et al. developed an
electronic skin flexible pressure sensor using a high-
concentration silver nanowire-polyurethane elastic composite
material. The sensitivity in the low-pressure region of <30 Pa and
30-70 Pawas 5.54 kPa~ ' and 0.88 kPa ™', respectively.’* Lou et al.
developed an electronic skin flexible tactile sensor based on
graphene materials, which could quickly sense small pressure
changes. The minimum detectable pressure, sensitivity and
response time were 1.2 Pa, 15.6 kPa ' and 5 ms, respectively. It
showed the application potential in pulse and voice recognition.*

In addition, surface microstructures provide opportunities
for improving the performance of flexible pressure sensors using
micromachining technology. Previous literatures have proved
that microstructures such as elastic micro-pyramid arrays,*
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Table 1 Summary of some tactile sensors and their performance parameters

Transduction principles Material/structure Range Sensitivity Response time Ref.
Capacitance Fluorosilicone/air gap 0.5-190 kPa 0.91 kPa™" <1ls Bao et al.*’
PDMS microhairy 0.4-5 kPa 0.58 kPa ™" 0.03 s Pang et al.”’
Piezoresistivity CNT/PDMS porous 0.25-100 kPa 0.2 kPa™* 1.3 Hz Peng et al.”®
Gold NWs 13 Pa to 50 kPa 1.14 kpa ™" Not known Guo et al.”®
Piezoelectricity ZnO nanowire 0-30 kPa 0.37 kPa™* 0.15 s Peng et al.*°

dome-shaped structures' and interconnected nanofiber arrays'®
are effective approach to obtain high-sensitivity sensing signals.
Jang et al. presented the formation of active-matrix pressure-
sensitive MoS, FET arrays for sensing wide tactile pressure
ranges. This active-matrix sensor array with the outstanding
spatial and temporal resolutions enabled enlarge the detectable
range of pressure from 70 Pa to 5 MPa."” Chen et al. fabricated
a resistive flexible pressure sensor with graphene microstructure
array, which has a sensitivity of up to 5.5 kPa™* within <100 Pa,
a detection limit of 1.5 Pa and response time of 0.2 ms.*® Bao
et al. proposed a high-performance flexible pressure sensor with
a microstructured rubber dielectric layer, which enables the
sensor to have a maximum sensitivity of 8.4 kPa™", a response
time of <10 ms, and stability of more than 15 000 cycles." Kim
et al. developed a wearable flexible pressure sensor with a layered
structure using elastic carbon nanotube microwires and its
sensitivity was only 0.5 MPa~ "' when the pressure was greater
than 10 kPa.* However, the pressure sensor mentioned above
has a longer response time (>0.5 s) in the mid-pressure range.>
The pressure detection range and sensing performance are
difficult to adapt to medium pressure sensing occasions, which
limits the requirements for electronic skin to require wide
pressure detection.”»*® Therefore, there is an urgent need to
develop a method for manufacturing flexible pressure sensors
with adjustable microstructure surfaces, making it suitable for
wide pressure range detection and fast response.

The methods to fabricate electronic skin flexible pressure
sensors mainly include photolithography, chemical vapor
deposition (CVD), micro-contact printing, transfer, spray
coating, screen printing and direct writing spray printing.>*>¢
Among these technologies, direct writing inkjet printing is
considered to be the most promising method for the manu-
facture of flexible sensors because of its simple, fast and low-
cost advantages, which can realize the flexible manufacturing
of complex sensitive structures.

Here, a direct-write printing technology based on the Weis-
senberg principle is proposed for fabricating sensitive struc-
tures of flexible pressure sensors. The GNPs/MWCNT composite
material is patterned and deposited on a flexible PDMS
substrate as a pressure sensitive unit to realize a wide pressure
range detection flexible pressure sensor. We demonstrated the
application of flexible pressure sensors to capture objects of
different qualities and flat/curved surfaces. The experimental
results reveal the advantages of the sensors with high sensitivity
and fast response. In the future, it will have huge application

This journal is © The Royal Society of Chemistry 2020

prospects in the fields of medical health detection, medical
implants and intelligent prostheses.

2 Experiments and methods
2.1 Materials

Graphene nanoplatelets (GNPs, MW = 12.01 g mol ", form:
dispersion in H,O, conc.: 1 mg mL’l) and multi-walled carbon
nanotubes (MWCNT, assay: >98% carbon basis) were purchased
from Sigma-Aldrich. PEO (average molecular weight: 300 000 g
mol ') and ethanol were purchased from Xiamen Green
Reagent Glass Instrument Co., Ltd. The PEO powder was dis-
solved in a solvent mixture of deionized water and ethanol (3 : 1
volume ratio) to obtain a solution concentration of 12%. GNPs/
MWCNT (mass ratio 1000 : 1) and 12% PEO polymer were
thoroughly mixed to prepare a precursor solution with
a concentration of 6 wt%. These mixed solutions were stirred
for 2H at 200 rpm using a magnetic stirrer (IKA C-MAG HS 7,
Germany). Then, the mixed solutions were sonicated using the
ultrasonic device (KUDOS, Shanghai) in water bath at 80%
power and 50 kHz frequency for 3 h to make the mixture
uniform and avoid agglomeration. PDMS was purchased from
Dow Corning Corporation (Sylgard 184, basic component to
curing agent mass ratio 10 : 1). HS-8200 Ag (Hanstars) were
used as the electrode material. Glass bottles, batteries, and glass
plates were purchased from Xiamen Green Reagent Glass
Instrument Co., Ltd. Deionized water was obtained from the
Pen-Tung Sah Institute of Micro-Nano Science and Technology
in Xiamen University.

2.2 Direct-write printing of pressure-sensitive structures

The pressure-sensitive structure was fabricated using a self-
made direct-write printing system. As shown in Fig. 1, it
mainly included a direct-write printing module, a high-
precision X-Y mobile platform, a substrate-added module, and
an industrial CCD camera. The direct-write printing module
was composed of micro pipes (inner diameter: 0.25 & 0.02 mm)
and micro needles (0.16 + 0.01 mm). The X-Y mobile platform
had a minimum resolution of 0.001 pm and an accuracy of & 0.2
pm. The heating module (temperature: 80 °C) was used to cure
sensitive structures during direct printing. The industrial
camera CCD was used to observe the solution shape at the
nozzle and the entire printing process.

RSC Adv, 2020, 10, 26188-26196 | 26189
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2.3 Characterization

Continuous zoom stereo microscope (SZ66, China) and Auto
Optical Microscope (MIT series, China) were used to observe the
surface morphology of sensitive structures. The sensitive
structure and PDMS microstructure were tested using scanning
electron microscope (SEM JSM-IT500a, Japan) and transmission
electron microscopy (TEM, JEM-1400, Japan). The electrical
characteristics and pressure sensitive characteristics of the
pressure sensor were tested by a pressure gauge (Handpi HP-5N,
China) and a digital multimeter (Agilent 344104, United States).

3 Results and discussion

3.1 Pattern printing and parameter optimization of sensitive
structures

The self-made direct-write platform was used to fabricate the
sensitive structure of the sensor, as shown in Fig. 1a. According
to the fluid transport characteristics of the Weissenberg effect,
the GNPs/MWCNT precursor solution of the micro-pipe was
transported to the tip of the micro-needle due to the high-speed
rotation of the micro-needle (Fig. 1b). The pattern of sensitive
structures was printed on the surface of the substrate via the
micro-contact form of the microneedle and the substrate
(Fig. 1c). Our group's previous research confirmed that the
micro-scale Weissenberg effect has excellent fluid transport
characteristics and demonstrated its application in the contin-
uous supply of printing solutions. It has been widely used in the
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(a) Direct writing printing system; (b) picture of nozzle structure; (c) direct writing printing process; (d—f) various direct writing patterns.

manufacture of micro-nanowires, spiral optical fibers, and
nanofibers.*** This liquid supply method effectively solved the
problems of large flow resistance of high-viscosity fluid and
clogging of the nozzle in the traditional printing process.**
Therefore, it could quickly print various patterns such as laby-
rinth patterns, -circular-pentagonal patterns and flower
patterns, as shown in Fig. 1d—f. This technology demonstrated
the manufacturing capabilities of simple straight-line struc-
tures, arc-shaped curve structures, and complex curve
structures.

3D sensitive structure could be manufactured using layer-by-
layer stacking based on the Weissenberg direct writing tech-
nology (Fig. 2a). The printed line appeared as a trapezoidal
structure with a line width of 250 um (bottom), and the surface
microstructure was relatively rough. Transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
were used to characterize the microstructure of the sensitive
structure of the sensor, as shown in Fig. 2b and c. TEM and SEM
images show that MWCNTs were randomly dispersed in the
GNPs solution, forming a bridge. The bridge part provided an
effective conductive path for the pressure-sensitive structure
and formed a three-dimensional conductive network. MWCNT/
GNPs composites had good dispersion in sensitive structures
under the Weissenberg direct writing process. The continuous
rotation of the microneedles avoided the agglomeration of
MWCNT/GNPs. In addition, the conductive network structure
provided more transmission channels and enhances the
conductive stability.

This journal is © The Royal Society of Chemistry 2020
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(a) SEM image of sensitive structure; (b and c) TEM and SEM images of sensitive structure material; (d—i) SEM image of the cross-section

and side morphology of the sensitive structure under 20, 40, and 60 times, scale bar = 20 um.

As shown in Fig. 2d-f, the microstructure features of the
sensitive structure were investigated for the number of direct-
writes of 20, 40 and 60 times, respectively. When the number
of direct writes was 20 times, the sensitive structure exhibited
a concave shape in the middle, which could be attributed to the
coffee ring effect. However, when the number of direct writing
was 40 and 60 times, the middle concave structure was gradu-
ally filled with the printed solution, and then the cross-section
of the sensitive structure showed a trapezoidal structure.** As
the number of direct writes continues to increased, the height
of the trapezoidal structure continues to increased. The printing
solution easily slipped off the top, resulting in an increase in the
aspect ratio of the trapezoidal structure (the area of the top
decreases), which was beneficial to improve the response and
stability of the pressure sensor. In addition, the rough surface
morphology of the pressure-sensitive structure was conducive
to reducing the contact area of the pressure surface, which
could further improve the performance of the pressure sensor,**
as shown in Fig. 2g-i.

The size of the printed line width (the maximum line width
at the bottom of the sensitive unit that can be observed.)
determined the size of the sensitive structure during the direct
printing process. Multi-parameter control was adopted to
obtain a sensitive structure with suitable line width. The effects
of platform moving speed, microneedle rotation speed and the
number of direct-write times on the line width of the pressure
investigated based on orthogonal

sensitive unit were

This journal is © The Royal Society of Chemistry 2020

experiments, and the optimal direct-write printing parameters
were obtained.

When the moving speed increased from 0.5 mm s ', 2 mm
s 'to4 mm s ', the average line width decreased from 500 pum,
340 um to 300 pm, respectively (Fig. 3a). The print line width
decreases as the moving speed increased. The number of direct
writes had little effect on the average line width. When the
number of direct writes was 8, 20, and 40 to 60 times, the
average line width remains almost unchanged, which was
mainly due to the stability of the jet. Theoretically, the increase
in the rotation speed of the microneedle caused the elastic
recovery force of the solution to increase, resulting in an
increase in the amount of liquid supplied. As shown in Fig. 3b,
the average line width increased from 320 um to 460 um.
Therefore, in order to obtain a suitable line width of the
sensitive structure, the parameters of the platform moving
speed and the microneedle speed needed to be compromised.

The deformation of the sensitive structure was the main
source of pressure-sensitive characteristics. The ability of
substrate deformation was a key factor in determining sensor
performance. The deformability of the substrate could be ob-
tained by increasing the thickness of the substrate and the
microstructure of the substrate surface, where the microstruc-
ture of the substrate surface will increase the difficulty of direct
write printing. Therefore, in order to improve the performance
of the sensor, we investigated the relationship between the
substrate thickness and the strain of the sensitive element

RSC Adv, 2020, 10, 26188-26196 | 26191
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Fig. 4 (a) Simulation model of flexible pressure sensor; (b)—(f) relationship between substrate thickness (300 pm, 500 um, 1 mm, 2 mm, 4 mm)
and strain.

using finite element simulation software. The finite element
model of the pressure sensor was constructed, including the
pressurized block, the encapsulation layer, the sensitive unit
and the substrate, as shown in Fig. 4a. When a pressure of 30
kPa was applied to the pressing block, the strain distribution of
the sensitive element of different substrates was obtained, as
shown in Fig. 4b—f. Obviously, there was maximum deformation
at the pressure edge. As the substrate thickness increased from
300 um to 4 mm, the maximum strain of the sensitive structure
increased from 0.006 to 0.025. Considering the performance
and portability of the sensor, an excellent strain capability could
be obtained with a substrate thickness of 500 pm.

3.2 Performance of flexible pressure sensor

According to previous literature, the accumulative effect of the
polyline could improve the pressure-sensitive performance of
the sensor and the sensing area of the sensitive structure. The
pressure-sensitive characteristics of sensitive structures with

26192 | RSC Adv, 2020, 10, 26188-26196

different folding patterns were investigated, as shown in
Fig. 5a-c. The relationship between resistance and pressure was
evaluated using a pressure-impedance test system. The change
resistance and sensitivity coefficient could be calculated
according to formulas (1) and (2).

AR=R, — R

dp

(1)

(2)

where AR was the change resistance value; R was the initial
resistance value without pressure; R, was the resistance value
after pressure application; S was the sensitivity coefficient; p was
the applied pressure.

The curves of pressure-sensitive characteristics (AR/R-pres-
sure) and sensitivity were shown in Fig. 5d and e. When the
applied pressure increased from 0 kPa to 75 kPa, the AR/R of

This journal is © The Royal Society of Chemistry 2020
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sensitivity curves of different bending numbers; (f) analog diagram of the resistance of the sensitive structure.

different patterns increased with the pressure, showing a posi-
tive piezoresistive effect. As shown in the sensitive structure
pattern in Fig. 5c, its AR/R increased from 0 to 12.17, and the
positive piezoresistive effect increased with the number of
bending regions. Its sensitivity had increased from 0.017 kPa™"
to 0.164 kPa . This multi-broken line sensitive structure was
similar to the series result of multiple resistors, as shown in
Fig. 5f. Generally, the more the bending number of the sensitive
structure increased, the larger the area it senses. According to
the finite element simulation results, the deformation of the
pressure edge of the sensitive structure was the most obvious,
resulting in the rapid increase of the resistance of the edge
bending line. Therefore, its positive piezoresistive effect was

enhanced by the cumulative effect based on the series resis-
tance. However, the increase in the bending number of the
sensitive structure will inevitably lead to an increase in the
sensor area, which was not conducive to integrated
manufacturing. According to the detection range and applica-
tion requirements of the sensor, we needed to select a moderate
bending number of the sensitive unit to obtain a good detection
effect.

In order to reveal the sensitive mechanism of the pressure
sensor, a sandwich pressure sensor working model was estab-
lished, as shown in Fig. 6. In the absence of pressure, the
sensitive structure remained in a laminated shape, and the
conductive network composed of GNPs/MWCNT has good

Fig. 6

This journal is © The Royal Society of Chemistry 2020

(a and b) The sensitive mechanism model of the flexible pressure sensor; (c) SEM of encapsulation layer microstructure.
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conductivity and no resistance change (Fig. 6a). As the applied
pressure increases, the pressure in the tip region of the micro-
structure of the encapsulation layer increased, resulting in an
increase in the deformation of the micro-nano structure of the
sensor (Fig. 6b and c). The encapsulation layer structure is one of
the factors to improve the sensitivity of the sensor. The area of
deformation of the sensitive structure of the sensor increases due
to the introduction of the microstructure of the encapsulation
layer. This microstructure can cause greater strain on the sensi-
tive unit, thereby enhancing the sensitivity of the sensitive unit.
The 3D conductive network composed of GNPs/MWCNT was
damaged by recoverability due to deformation, resulting in the
resistance value continuously increasing with increasing pres-
sure.*® Each conductive network could be considered as a variable
resistor (Ry,), and its resistance value depended on the contact of
the conductive network (Fig. 5f). The application of external
pressure that causes deformation of the sensitive structure cau-
ses the R, between the GNPS/MWCNT network to decrease,
which was the reason for the increased resistance. When the
pressure was released, the conductive network returns to its
original state, and the resistance returns to its original value.

3.3 Application of flexible pressure sensor motion capture

A flexible pressure sensor (L x W x H: 20 mm x 10 mm X 500
pm) with a multi-bend structure was fabricated, and attached it
to the finger for object catching test (Fig. 7a). The repeated
application of pressure of 0-60 kPa to the pressure-sensitive
structure was investigated, and obtained the pressure-sensitive
characteristic curves of the pressure applied 1 and 1000 times,
respectively. As shown in Fig. 7b, the two characteristic curves

(b)12

Pressure sensor

©),

MU

4 6
Time (s)

Fig.7
sensitive structure; (d) step response/recovery time curve.
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maintained the same slope, which verifies that the single
pressure-sensitive structure has good reliability and stability. In
addition, a load of 40 kPa was applied to the sensitive unit to
perform continuous loop test experiments, as shown in Fig. 7c.
The value of AR/R remained stable during each pressure
application process. The response and recovery time of the
flexible pressure sensor were investigated to characterize the
pressure-sensitive response characteristics under the applica-
tion of external pressure of 40 kPa (Fig. 7b). The resistance
responds quickly when external pressure was applied. The
resistance immediately returns to the initial value when the
external pressure was removed. During the loading and
unloading of external pressure, the response/recovery time was
increased to 100 ms and 100 ms, respectively. It showed that the
pressure-sensitive structure of the flexible sensor has excellent
response characteristics.

We demonstrated the motion capture experiments on glass
bottles, batteries, and glass plates to verify the application
potential of flexible pressure sensors on human prostheses, as
shown in Fig. 8a-f. When grabbing a glass bottle with a weight
of 19.58 g, the sensor's AR/R changed by ~3; when the glass
bottle was filled with 14.37 g of water, the grab action test was
performed, and its AR/R changed by ~7.6. This experiment
demonstrates that the sensor has the ability to accurately
distinguish objects of different qualities (Fig. 8a-c). Further, we
tested the sensitivity of grabbing objects of similar quality on
different surfaces. Compared with the flat glass plate, the
sensor AR/R of the curved shape battery has a larger change. The
possible reason was that when grabbing a curved object, the
curved surface increases the strain of the sensor's sensitive unit,

Y
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T T T

20 30 40 50 60
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(a) Schematic diagram of the object capture experiment; (b) repeatability curve of pressure—sensitive structure; (c) pressure cycle curve of
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resulting in an increase in the resistance change. Therefore,
when grasping a curved object, the sensor has a small force area
and a strong pressure, resulting in a large change in resistance,
so it shows higher sensitivity (Fig. 8d-f).

When grabbing an object, the thumb pressure F, was
applied to the sensor, and the resistance value changes due to
the deformation of the sensor. When the gripping action was
maintained, the resistance of the sensor remained constant,
indicating that the sensor has good stability. However, when the
object was released, the resistance of the sensor returns to the
initial value, which shows that the sensor has a quick response
to the action. In addition, at the moment of grasping and
placing an object, the resistance of the sensor suddenly
increased due to the extra force exerted by the thumb. It shows
that the sensor has excellent feedback on the pressure gener-
ated by the action details.

In this work, we connected the sensor to the digital multi-
meter through wires for operation testing, which interfered with
the response characteristics of the pressure-sensitive structure
to a certain extent. As a wearable electronic device, its wiring
part needs to be removed to realize its wireless operations.
Recent paper demonstrated the fully wireless operations of the
pressure sensor array through integration with bluetooth and
batteries, realizing the progress from wired operation to wire-
less integration.*”*® In the future, we will integrate the function
of completely wireless operation into the flexible pressure
sensor device to achieve the integration of function and
structure.

4 Conclusion

In this paper, a flexible pressure sensor with GNPs/MWCNT
composite material was fabricated using direct-write printing

This journal is © The Royal Society of Chemistry 2020

technology based on Weissenberg principle. The continuous
rotation of the microneedles produced the Weissenberg effect,
which could efficiently transport the solution and avoid the
agglomeration of GNPs/MWCNT. The parameters affecting the
manufacture of sensitive structures were optimized through
orthogonal experiments. Next, we fabricated a pressure-
sensitive structure with multiple bending structures, and
tested the sensitivity (0.164 kPa~') and response/recovery time
(100 ms/100 ms). Finally, a flexible pressure sensor to the finger
was attached to grab objects of different qualities and different
surfaces, demonstrating its application in the field of artificial
prostheses and rehabilitation robots in the future.
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