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Screen-printed interdigital electrode-based flexible pressure sensor arrays play a crucial role in human-
computer interaction and health monitoring due to their simplicity of fabrication. However, the long-
standing challenge of how to reduce the number of electrical output ports of interdigital electrodes to
facilitate integration with back-end circuits is still commonly ignored. Here, we propose a screen-printing
strategy to avoid wire cross-planes for rapid fabrication of flexible pressure sensor arrays. By innovatively
introducing an insulating ink to realize electrical insulation and three-dimensional interconnection of wire
crossings, the improved sensor array (4 x 4) successfully reduces the number of output ports from 17 to
8. In addition, we further constructed microstructures on the laser-etched electrode surfaces and the
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sensitive layer, which enabled the sensor to achieve a sensitivity as high as 17 567.5 kPa™* in the range of
0-50 kPa. Moreover, we integrated the sensors with back-end circuits for the precise detection of tactile
and physiological information. This provides a reliable method for preparing high-performance flexible
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Introduction

The rapid development of flexible pressure sensors has led to a
wide range of applications in fields such as electronic skin,"™
human-computer interaction,”® and health monitoring.'*™*
Among various sensor designs, flexible sensors based on interdigi-
tal electrodes are a classic class that has attracted much
attention.”>"” However, flexible sensing arrays based on interdigi-
tal electrodes have always suffered from the problem of too many
ports for electrical output."®*>> An n x m (n representing the
number of transverse sensors and m representing the number of
longitudinal sensors) interdigital electrode sensor array typically
requires (1 + n x m) output ports, which limits sensor integration
and application due to the large number of ports. The through-
hole technology of FPCBs solves this challenge by simplifying the
number of ports to (n + m).>* However, the severe lack of stretch-
ability of FPCBs hinders their application on irregular surfaces.
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sensor arrays and large-scale integration of microsensors.

It is worth noting that the core of the through-hole process
lies in the transition of wires to another layer at the inter-
section point, utilizing interlayer insulation to achieve three-
dimensional interconnections at the electrical insulation and
wire intersections. Among a large number of studies, a print-
ing method based on complex conductive elastomers has been
reported, which employs a bridged flexible connection at the
wire intersection to achieve electrical insulation at the inter-
section through an air medium.>* However, this connection is
prone to deformation under mechanical stress and is not suit-
able for stress sensing at irregular interfaces. In addition, this
processing method involves complex materials that are
difficult to mass produce and extremely costly, making it chal-
lenging to achieve rapid mass production. In widespread pro-
duction, more researchers are opting for FPCB solutions that
sacrifice flexibility, or abandoning interdigital electrode
sensors in favor of “sandwich” sensors, making soft, large-area
interdigital electrode pressure sensor arrays a major blind spot
in research. For example, Yogeenth Kumaresan® et al. intro-
duced a multifunctional electronic skin with an array of
pressure and temperature sensors. The pressure sensors were
fabricated using a “sandwich” structure. Liu®® et al. proposed a
multi-channel flexible pulse sensing array pressure sensor
based on a polyimide/multi-walled carbon nanotube-polydi-
methylsiloxane nanocomposite/polyimide (PI/MPN/PI) “sand-
wich” structure. Therefore, it is imperative to explore a general-
ized production strategy to achieve the minimum port output
for the planar distribution of sensors.
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Fig. 1 Design, acquisition, morphology, and microscopic features of the sensor array. (a) Conceptual diagram of signal acquisition of the sensor
array, (b) optical photos of sensors, including stretching, bending, twisting, and protrusion, (c) 5-micron scale observation of the interdigital elec-
trode, (d) 200 nanometer scale observation of the interdigital electrode, (e) EDS observation of the interdigital electrode, (f) 5-micron scale obser-
vation of the sensitive layer, (g) 200 nanometer scale observation of the sensitive layer and (h) EDS observation of the sensitive layer.
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Here, we propose a printing strategy that avoids wire cross-
over and realizes rapid production. Based on the precise depo-
sition of ink using the screen-printing technique combined
with an insulating ink, we print at the intersection of the
sensor “row lead wires” and “column lead wires” to shield the
electrical connections while ensuring mechanical stability
(Fig. 1a), thus realizing the minimum output ports for the
sensor array. Based on this, we fabricated a fully printed 4 x 4
minimum output port pressure sensor array on a flexible TPU
film. In addition, we further improved the sensing perform-
ance of the sensor by modifying the sensitive and electrode
layer substrates through laser engraving. The sensor achieves a
maximum sensitivity of 17 567.5 kPa™", a wide detection range
of 50 kPa, a minimum detection limit of 3.53 Pa, a response
time of 22 ms, a recovery time of 37 ms, and a cycle stability of
more than 10000 cycles. The fabricated sensors and their
arrays have shown excellent performance when applied to
tactile sensing and human physiological information detec-
tion. This unique printing strategy provides inspiration for pro-
ducing large-area sensor arrays.

This journal is © The Royal Society of Chemistry 2024
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Experimental
Materials and characterization

We chose a highly elastic thermoplastic polyurethane film
(XJU150, Shanghai Xingxia Polymer Products Co., Ltd) as the
substrate material for the sensor array. Stretchable conductive
silver paste (Shanghai Ouyi Organic Optoelectronic Materials
Co., Ltd) was chosen as the electrode material for the sensor
array. Dry insulating ink was selected as the insulating
material for the sensor array. The sensitive layer material of
the sensor array was a mixture of thermoplastic polyurethane
(TPU, Dongguan Zhangmutou Ruixiang Polymer Material
Operation Department) and carbon nanotubes (CNT, Suzhou
Carbon Peak Graphene Technology Co., Ltd). The spacer layer
material of the sensor was TPU transparent ink (Longhua
Wangli Screen Printing Equipment Store, Longhua New
District, Shenzhen, China). In addition, the organic solvent
used was DMF (N,N-dimethylformamide, Aladdin Company).

We tested the mechanical and electrical properties of the
sensors using a digital instrument LCR (TH2840B, Tonghui)
and a mechanical testing machine (ZQ-990B, Zhiqiu). The
silver electrode, sensitive layer and sensor structure were
observed using a scanning electron microscope (Carl Zeiss,
G300). The sensor structure was characterized in three dimen-
sions using a laser confocal microscope (Olympus, OLS5000).
The TPU layer and the sensitive layer were laser cut using a UV
laser cutter with the following parameters: power: 4.15 W,
scanning speed: 1000 mm s~ ', laser wavelength: 355 nm, con-
tinuous wave, frequency: 60 kHz, pulse width: 10 ps, number
of processing iterations for the sensitive layer: 20 times, and
number of processing iterations for the TPU substrate: 10
times.
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Design and composition

Fig. 1a shows the fully printed minimum output port interdigi-
tal electrode sensor array. First, an interdigital electrode
sensor array consisting of “column connections” and “row
leads” is constructed on a flexible TPU film. Then, after print-
ing ink in the area where the wires cross, printed wires
connect the “row leads” to construct the electrode layer of the
sensor array. Finally, an insulating layer, a spacer layer, and a
sensitive layer are introduced to complete the fabrication of
the fully printed flexible interdigital electrode sensor array
with row and column crossings. Fig. S11 verifies the insulation
stability under pressure of the sensor array using insulating
ink. In addition, an arch-shaped structure is constructed in
the sensor unit, and the microstructures of the sensitive layer
and the TPU layer are perpendicular to the interdigital elec-
trode to enhance the mechanical and electrical performance
of the sensor. Fig. 1a depicts the detection circuit of a
minimum output port interdigital electrode sensor, where the
sensor cells are selected by rows and columns, the signal is fil-
tered by a low-pass filter to remove noise, and then an analog-
to-digital conversion (ADC) is performed. The signal is then
fed to a control unit (MCU) for digital filtering and Fast
Fourier Transform (FFT) signal processing. Finally, the signals
are transmitted to the user interface via serial communi-
cations. Fig. 1b shows the excellent flexibility of the sensor
array, which can be easily stretched, bent, twisted and arched,
which is crucial for inspection on irregular surfaces. In
addition, we have observed the morphology of the electrode
layer at 5 pm scale (Fig. 1c) and 200 nm scale (Fig. 1d) by scan-
ning electron microscopy and identified the main elements by
EDS (Fig. 1e). And the microstructure of the sensitive layer was
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Fig. 2 Design and manufacturing of sensor arrays. (a) The fabrication process flow diagram of the sensor array, (b) optical photo of the sensor elec-
trode layer and laser confocal image of the electrode layer and (c) optical photo of the sensor sensitive layer and laser confocal image of the sensi-

tive layer.
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successfully explored (Fig. 1f-h). Additional microstructures
and elemental compositions are shown in Fig. S2-S5.7

Preparation of the sensor array

The sensor array is divided from top to bottom into an upper
substrate layer, a sensitive layer, a spacer layer, an insulating
layer, an electrode layer, and a lower substrate layer. The fabri-
cation process is shown in Fig. 2a. Specifically, 2 g of TPU par-
ticles were dissolved in 5 ml of DMF and stirred at 80 °C and
1000 rpm for 2 hours. Carbon nanotube powder was then
added and stirred for another 2 hours. The mixture was then
sonicated at 80 °C for 20 minutes to prepare the sensitive layer
ink. The upper substrate layer consisted of a thermoplastic
polyurethane film, which was treated with a plasma cleaner,
patterned with a thermoplastic polyurethane/carbon nanotube
ink by screen-printing, and then modified with a laser to
obtain the sensitive layer of the sensor. To construct the elec-
trode layer on the lower substrate layer, the lower substrate
layer was first laser-modified and then screen-printed with
silver ink to produce a “column-connected” interdigital elec-
trode sensor array. Next, the electrode layer and the lower sub-
strate layer of the sensor array were successfully fabricated by
printing insulating ink in the wire crossing region and then

screen-printing silver ink to prepare the “row connection”
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wires of the sensor. Insulating ink and TPU ink were screen-
printed on one end of the electrode layer to construct the insu-
lating and spacer layers. The electrode layer, the insulating
layer, the spacer layer and the sensitive layer were aligned and
bonded, and the fully screen-printed flexible interdigital elec-
trode sensor array was successfully fabricated.

The fabricated sensor arrays are shown in Fig. 2b and c,
and a clear microstructure can be observed from the optical
photographs. The laser modification traces on the electrode
layer substrate and the sensitive layer are clearly visible in the
laser confocal microscopy images.

Results and discussion
Performance of the sensor

The performance of a sensor unit determines its ability to
detect a signal, which is critical for sensor arrays. The perform-
ance of the sensor is affected by a variety of factors, including
mechanical stress (Fig. S61), humidity (Fig. S7t), temperature
(Fig. S8f), manufacturing process, structural design and
material selection ratio, among which, the structure and
material selection ratios of the sensor are among the most
crucial factors.”’>° In terms of sensor structure, laser engrav-
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Fig. 3 Sensor structure design and material ratio. (a) The mechanical—electrical properties and Abaqus simulation of the sensor under four con-
ditions: no laser modification, laser modification of the sensitive layer while the electrode substrate is unmodified, electrode substrate modification
while the sensitive layer is unmodified, and both laser modifications, (b) the overall mechanism of the sensor, (c) local amplification of Ry process,
(d) the effect of spacing L on sensor performance and (e) the effect of CNT doping amount on sensor performance.
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ing to change the microstructure of the film is one way to
improve the performance of the sensor. In an interdigital elec-
trode sensor, there are two layers of film: the electrode film
and the sensitive layer film. In this study, laser engraving was
utilized to control the variable modification of the electrode
film substrate and the sensitive layer film. The results (shown
in Fig. 3a) indicate that the sensor with both the electrode film
substrate and the sensitive layer film modified exhibited the
best performance among four conditions: no laser modifi-
cation, laser modified sensitive layer but unmodified electrode
substrate, laser modified electrode substrate but unmodified
sensitive layer, and laser modified electrode substrate and
sensitive layer.

Finite element analysis using Abaqus was conducted to
analyze the mechanical structure of the sensor under
pressure, demonstrating excellent mechanical performance.
Additionally, the sensor exhibits extremely high sensitivity in
the range of 0-50 kPa, up to 17 567.5 kPa™".

Fig. 3b depicts the overall structure of the interdigital elec-
trode sensor. Assuming that the sensitive layer has a uniform
resistance and ignoring the piezoresistive effect of the narrow
edges of the interdigital electrodes, the total resistance R of
the sensor can be approximated as a parallel combination of
five R;s, where R; is a parallel combination of ten R,s.
According to the parallel resistance equation, R = Ry/50. For a
single R,;, a magnified diagram is shown in Fig. 3c. As the
pressure increases, the contact area between the sensor electro-

View Article Online
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des and the sensitive layer increases, resulting in more conduc-
tive paths and a decrease in resistance. In the case where both
films are laser-modified, the spacing between the arch struc-
tures created by the laser modification is an uncertainty. We
explored the optimal spacing L of the laser-cut arch structures
and found that the sensor exhibited the best performance
when L = 0.6 mm (Fig. 3d). Material ratios are critical to sensor
performance. We explored the optimal material ratio and
found that the sensor performed best when the CNT content
was 20 wt% (Fig. 3e), because CNT content above 20 wt%
could not be fully dissolved in the TPU/DMF solution.

The resulting sensor has excellent mechanical and electri-
cal properties. Fig. 4a shows the sensitivity error curve of the
sensor. In order to create the performance error curve, we eval-
uated the sensitivity data of the same sensor unit numerous
times and determined the maximum and minimum values at
each pressure position between 0 and 50 kPa. The good per-
formance repeatability of the sensing unit is demonstrated in
Fig. 4a. As shown in Fig. 4b, the sensor has an ultra-fast
response time (22 ms) and relaxation time (37 ms), allowing it
to detect and respond quickly to pressure changes. The sensor
also has an ultra-low detection limit, continuously capturing
pressures as low as 3.53 Pa (Fig. 4c), demonstrating its ability
to detect low pressures. At 50 kPa, the sensor underwent more
than 10 000 consecutive load/unload cycles (Fig. 4d), and no
significant change in output was observed during the test,
demonstrating excellent cyclic stability. Fig. 4e illustrates the
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Fig. 4 The mechanical—electrical properties of the sensor. (a) Error curve of sensor performance, (b) response and relaxation time of the sensor, (c)
minimum detection limit of the sensor, (d) the sensor is subjected to continuous loading and unloading over 10 000 cycles at 50 kPa pressure and
(e) a comparison of the performance of the prepared sensor with other pressure-sensitive materials, including: MPAs, Ppy, a ferroelectric sensor,

CNN, HCF, PDMS/Ag, RGO, Au, and MM PDMS.
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unique advantages of our fabricated sensor compared to other
pressure-sensitive material sensors, including: MPA,*° Ppy,*
RGO/PVDF,*> CNN,* HCF,** PDMS/Ag,*® RGO,*® Au,*” and
MM PDMS.*® This further demonstrates the outstanding per-
formance of our sensor and its significant contributions in
terms of material composition and structural design.

Application of the sensor

Depositing insulating inks to avoid wire crossings is one of the
core elements of this paper and is a critical step in the fast,
scalable and cost-effective construction of interdigital elec-
trode sensor arrays with minimal output ports. Utilizing
advanced fabrication techniques and the excellent perform-

View Article Online
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ance of the sensors, we constructed a 4 x 4 flexible row-
column intersecting interdigital electrode sensor array and
used it as a tactile display for 3D spatial pressure mapping.
The fabrication of the 4 x 4 sensor array demonstrated its
ability to produce a large-area array, and the detection of the
sensor units was achieved through row-column decoupling. A
conceptual diagram of the detection circuit is shown in
Fig. 1a. In Fig. 5a, we conducted a tactile display test, includ-
ing no pressure, single fingertip pressure, double fingertip
pressure, and double fingertip large-area pressure, and suc-
cessfully detected them through the acquisition circuit. We
placed weights with different patterns (“O”, “U”, and “C”) on
different units of the sensor array (Fig. 5b-d), and successfully

E'.SingIAe fingertip pressing

(b)

OurC!

* Two fingertip pressing o fingers Iarge area pressing!

Amplitude
990.0

792.0

- 594.0

396.0

- 198.0

Fig. 5 Tactile display test of the sensor. (a) The sensor pressing display test includes no pressure, single fingertip pressure, double fingertip pressure,
and double fingertip large-area pressure. (b)-(g) In the tactile display test, multiple 5 g weights are placed on the sensor node to make it display
different patterns, including the pattern ‘O’, the pattern ‘'U’, and the pattern ‘C’". The corresponding heat map is displayed below the pattern.
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measured the corresponding pressure distributions of the
sensor array (Fig. 5e-g), demonstrating its potential appli-
cation as a haptic display.

The soft sensors can be adapted to a variety of complex sur-
faces, and the laser-modified sensors are suitable for detecting
human physiological information because of their high sensi-
tivity, wide detection range, fast response/recovery, and good
cyclic stability. The soft sensor realizes accurate measurement
of the radial artery pulse and comprehensively detects the
pulse in different postures. Pulse is an important cardio-
vascular parameter and one of the indicators for clinical diag-
nosis of cardiovascular diseases, especially pulse rate and
pulse amplitude. As shown in Fig. 6a, c and d, we detected the
continuous pulse of our volunteers in sitting, squatting and
standing postures. It is clear that the pulse amplitude is
largest in the sitting position. This is due to the smooth blood
flow in the sitting posture, which is in perfect agreement with
the objective perception. Clinical pulse diagnosis was also per-
formed in the sitting posture, which is related to the hemo-
dynamics of the heart. In the squatting and standing postures,
the different beating requirements of the heart result in a rela-
tively higher pulse rate. Given the prevalence of pulses being
measured in the sitting position, we have characterized them
in this position. The pulse detected by the sensor can be
clearly differentiated into a pre-pulse wave — P-wave, a reflected
wave — T-wave, and a bi-directional scattered wave — D-wave

View Article Online
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(Fig. 6b), and the test environment is shown in the figure.
Accurate reading of pulse characteristic points is key to under-
standing the health status of the human body, and is impor-
tant for the prevention and diagnosis of cardiovascular
diseases.

In addition, the human pulse exhibits a wealth of features
that form a variety of pulse patterns corresponding to different
physiological conditions.**™*" Detection and differentiation of
the pulse is the key to pulse diagnosis in traditional Chinese
medicine. The application of high-sensitivity sensors in pulse
detection is a major advancement in the use of flexible wear-
able sensors to detect physiological information. We simulated
28 pulse types using a mechanical pulse arm and used sensors
to differentiate between them. Fig. 7a depicts the detection
environment of the mechanical pulse arm, while Fig. 7b-i
show the electrical signal outputs of eight pulse patterns,
including stiff pulse, sliding pulse, fuzzy pulse, sudden pulse,
scattered pulse, slow pulse, uneven pulse, and nodular pulse.
Specific pulse patterns are highlighted in the corresponding
graphs. The remaining 20 pulse patterns are detailed in
Fig. S9.7 The sensors clearly distinguish between the different
pulse patterns. In addition, the pressure distribution of a
hand-held beaker and the sole of foot was tested in Fig. S10,}
and the corresponding pressure distribution heat map was
shown. The sensor array’s multi-point monitoring capability is
demonstrated by both experiments. The practical application
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Fig. 6 Application for human pulse detection. (a) Pulse detection in a sitting position, (b) enlarged image and feature descriptions of local pulses,
and the environment for human pulse detection tests, (c) pulse detection in a squatting position and (d) pulse detection in a standing position.
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Fig. 7 Sensor mechanical prosthetic hand pulse test. (a) Pulse detection of the mechanical prosthetic hand, (b)-(i) are the sthenia pulse, slippery
pulse, indistinct pulse, abrupt pulse, scattered pulse, slow pulse, uneven pulse and knotted pulse obtained from the pulse test of the mechanical

prosthetic hand.

of these sensors reaffirms their excellent performance and
reflects the excellent structural design and manufacturing
process.

Conclusions

In summary, we have utilized screen-printing and an insulat-
ing ink to avoid wire crossings and have constructed a 4 x 4
interdigital electrode sensor array in combination with an
interdigital electrode sensor unit. By introducing insulating
ink at wire crossings and adopting a well-designed structural
configuration, the number of output ports of the sensors was
drastically reduced from 17 to 8, and three-dimensional inter-
connections with electrical insulation and wire crossings were
realized. Importantly, we propose a method for fabricating a
sensor with double-sided laser-engraved microstructures,
which results in high sensitivity up to 17 567.5 kPa™", detec-
tion range up to 50 kPa, response/recovery times of 22 ms and
37 ms, a minimum detection limit of 3.53 Pa, and a stability of
more than 10000 cycles at a pressure of 50 kPa. The inte-
gration of technologies for screen-printing, the use of soft
materials, and excellent sensor performance demonstrates the
strong potential for tactile sensing and pulse detection. The
application of the sensor array to 3D pressure mapping with
multiple distributed weights emphasizes its excellent capabili-

7434 | Nanoscale, 2024,16, 7427-7436

ties as a tactile display. The detection of human and robotic
arm pulses demonstrates its potential in the field of flexible
wearable biomedical detection, especially in terms of pulse
waveform differentiation, providing a clear direction for
researchers in related fields. Last but not least, our proposed
fabrication process is equally applicable to larger sensor
arrays, thus revealing a research blind spot for printing fully
flexible very few-port interdigital electrode sensors.

Screen-printing has the potential to deposit ultra-thin-
layered materials and, when combined with flexible films,
enables digital and patterned material deposition, offering the
capability to fabricate super-soft, attachable sensors.
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