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ABSTRACT: Pressure sensors are considered the key technology for potential
applications in real-time health monitoring, artificial electronic skins, and human−
machine interfaces. Despite the significant progress in developing novel sensitive
materials and constructing unique sensor structures, it remains challenging to
fabricate large-area pressure sensor arrays due to the involvement of complex
procedures including photolithography, laser writing, or coating. Herein, a scalable
manufacturing approach for the realization of pressure sensor arrays with
substantially enlarged sensitive areas is proposed using a versatile screen-printing
technique. A compensation mechanism is introduced into the printing process to
ensure the precise alignment of conductive electrodes, insulation layers, and
sensitive microstructures with an alignment error of less than 4 μm. The fully screen-printed sensors exhibit excellent collective
sensing performance, such as a reasonable pressure sensitivity of −2.2 kPa−1, a fast response time of 40 ms, and superior durability
over 3000 consecutive pressures. Additionally, an integrated 16 × 32 pressure sensor array with a sensing area of 190 × 380 mm2 is
demonstrated to precisely recognize the sitting postures and the body weights, showing great potential in continuous and real-time
health status monitoring.
KEYWORDS: pressure sensor array, screen printing, large area, siting posture recognition, compensation mechanism

1. INTRODUCTION
Flexible and wearable electronics have attracted considerable
interest in both fundamental research and practical applica-
tions in the past decades,1−4 owing to the miniaturization and
convenient integration with sensing networks.5−7 Particularly,
flexible pressure sensors capable of detecting mechanical
stimuli are considered the crucial unit and the key technology
for potential applications in real-time health monitoring,8,9

artificial electronic skins,10−12 and human−machine inter-
faces13−15 to name a few. Recently, physical and psychological
problems caused by the sedentary lifestyle have recently
received special attention. Flexible pressure sensing with array
structures provides a non-invasive, seamless, and convenient
approach with an intervention function to recognize the sitting
postures and correct the wrong sitting states during sustained
working or study periods.16,17 Up to now, significant progress
has been made in the development of flexible pressure sensors
by exploring novel functional materials,18−20 introducing
unique microstructures,13,21,22 and constructing unconven-
tional device configurations23−25 to enhance the collective
sensing performance, such as high sensitivity over a wide
pressure range, low detection limit, and fast response time.26

However, the scalable manufacturing of large-area pressure
sensors, especially highly integrated sensor arrays, using

unconventional materials and device structures remains
challenging, yet promising in novel and practical applications
including the recognition and correction of sitting postures.
The general strategies to realize a pressure sensor array
typically include the photolithography technique,25,27,28 laser
writing,16,26 or drop casting,22,29,30 which comprises a relatively
complex fabrication process. In addition, the sensing areas and
sensitive elements are still limited,16,31−33 which is an obstacle
to the precise and accurate monitoring of external stimuli with
large sizes or multiple positions.

Screen printing is a versatile technology with the key features
of easy operation, cost-effectiveness, and scalability,34 which is
ideal for the manufacturing of flexible electronic devices in
large sizes.35,36 However, several challenges still exist in the
employment of screen printing in the realization of multilayer
structures including pressure sensor arrays. One key barrier to
the achievement of a fully screen-printed presser sensor array is
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the limited accuracy of the alignment between layers, resulting
in considerable deviations in the printed patterns. Therefore, it
is highly desirable for a significant enhancement in alignment
accuracy for the realization of pressure sensor arrays with large
areas and low cost toward practical applications in wearable
sensing.

Herein, a novel strategy for the scalable manufacturing of
large-area pressure sensor arrays is proposed through a full-
screen printing process. In the design, both the bottom and top
electrodes are printed on one flexible substrate to reduce the
overall thickness of the sensor and consequently enhance
mechanical flexibility. A compensation mechanism is intro-
duced into the printing process to minimize the alignment
errors in the multilayered printing, achieving an alignment
resolution of about 4 μm. The sensor array exhibits high
sensitivity over a wide pressure range, fast response time, and
low detection limit. A large-area sensor array with 16 × 32
sensing elements is integrated into a cushion to recognize the
sitting postures and the pressure distribution of various human
weights in real time. This work provides a facile and effective
strategy for the realization of large-area pressure sensor arrays

toward wearable healthcare electronics for practical applica-
tions.

2. METHODS

2.1. Preparation of Crisscross Electrodes
A poly(ethylene terephthalate) (PET) substrate with a thickness of
200 μm is cleaned with acetone and ethanol. A commercial silver
paste (8000 A, Sunflower Electronics, Inc. Shenzhen) is used for the
preparation of conductive electrodes. First, the bottom electrodes are
printed on the PET using a dual-servo screen printer (TX-2030ST,
Taoxing Printing Inc, Hangzhou) with a screen frame size of 300 mm
× 400 mm and a mesh number of 300. After curing at 90 °C for 30
min in an oven, an insulating ink (DHG-9055AD, Qixin Scientific Inc,
Shanghai) is printed on the desired position of the bottom electrodes,
followed by a cross-linking process under an ultraviolet (UV) light
with a wavelength of 365 nm for 3 s. Three printing cycles are
conducted to ensure a satisfactory insulating property. Next, the top
electrodes are printed using the same conductive ink with optimal
curing parameters to complete the fabrication of the crisscross
electrodes.
2.2. Preparation of Sensitive Films
The composite ink is prepared by adding carbon black (CB) particles
with a weight ratio of 8% into poly(dimethylsiloxane) (PDMS),

Figure 1. Schematic illustration of the designed structure and preparation of large-area pressure sensor array. (a) Conceptual demonstration and
exploded view of the sensor array. (b) Schematic of the fabrication process of the sensor array. (c) Photograph and scanning electron microscopy
(SEM) image of the sensitive patterns. (d) Photographs of the manufactured sensor array with 8 × 8 and 16 × 16 sensing elements.
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followed by a mixture using a magnetic stirrer for 1 h. Then, the ink is
printed onto the surface of a waterproof textile using a stainless steel
mesh, followed by a heating process at 70 °C for 2 h to cure the
PDMS into a film. Next, a pure PDMS is printed on the surface of the
textile and cured at 60 °C for 3 h. Finally, the cured PDMS is peeled
off from the textile to obtain the sensitive film with microstructures.
2.3. Lamination and Assembling
The PDMS is printed on the surface of conductive electrodes,
followed by curing at 60 °C for 20 min to obtain a semi-cured PDMS,
which is used as a binder. Then, the sensitive film is aligned with the
electrodes and laminated using a rolling approach to complete the
manufacturing of the sensor array. It should be noted that there have
cross cursors on the electrode layer and sensitive layer, which are used
to align different layers by placing the centers at the coincident
positions with the assistance of a microscope. Using the proposed
approach, the electrode layer and sensitive layer are aligned in the
lamination and assembling process.
2.4. Characterization
A field emission electron microscopy microscope (Zeiss) is used to
investigate the printed insulators and the microstructures of the
sensitive film. The optical images are taken by optical microscopy
(Nexcope NMM910). A homemade field programmable gate array
(FPGA) system is utilized to collect and analyze the data from the
pressure array. The hardware of the system mainly includes a data
acquisition unit (PXI-6289), a multichannel gate unit (PXI-2602,
Altay), and a controller (PXI-7685, Altay). The upper-computer
software is realized using Labview.

3. RESULTS AND DISCUSSION

3.1. Design Concept and Fabrication of the Pressure
Sensor Array
Figure 1a shows the concept and device structure of the large-
area pressure sensor array, which consists of crisscross

electrodes, insulation layers, and sensitive layers (detailed
parameters in Figure S1, Supporting Information). There are
several advantages of the proposed design. In contrast to the
conventional pressure sensors with separate electrodes on two
substrates to form sandwich structures,37 the crisscross
electrodes in our design are printed on one flexible substrate,
providing the capability to reduce the thickness of the overall
sensor and consequently enhance mechanical flexibility. In
addition, high integration level of the sensing elements is
achieved by significantly reducing the number of leads to 32
compared to a value of 512 for separate designs of elements.
Moreover, the sensor array is highly compact, which is
beneficial for miniaturization. The working principle of the
proposed sensor array is based on the resistive change between
two parallel electrodes (Figure S2, Supporting Information).
Specifically, the microstructures on the surface of the sensing
patterns are deformed when an external force is applied to the
device, resulting in an enlarged interface. The variable contact
areas of sensing patterns and the conductive electrodes under
pressure allow for more electrical pathways, which lowers the
contact resistance.

The proposed strategy to fabricate the sensor array is
schematically illustrated in Figure 1b, which involves three
major steps: printing of crisscross electrodes, patterning of
sensing elements, and device lamination. First, bottom
electrodes are screen-printed onto a flexible poly(ethylene
terephthalate) (PET) substrate (thickness of 200 μm) using a
commercial Ag flake ink with optimized printing parameters
(see details in Section 2). After curing at 90 °C for 30 min, the
printed electrodes are partially covered by an insulation layer
to prevent the short between the top and bottom electrodes.
Then, the top electrodes are printed after rotating the substrate

Figure 2. Printing alignment and insulating property of the sensor array. (a) Alignment errors as a function of deviation values after the
introduction of the compensation mechanism. (b) Alignment errors of the printed patterns with a deviation value of 10 μm. (c) Optical image of
the aligned patterns with an insulation layer sandwiched between the bottom and top electrodes. (d) SEM images of the printed insulation layer for
a single printing cycle showing several voids. (e) Effective insulation ratio of the bottom and top electrodes with cyclic printing of insulation layers.
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for 90°, followed by a curing process to complete the
fabrication of the electrodes. For the sensing patterns, a
carbon black (CB) and poly(dimethylsiloxane) (PDMS)
composite ink with a CB weight ratio of 8% is screen-printed
onto a clean waterproof textile to duplicate the microstructures
on the textile. Next, a thin PDMS layer is printed onto the
sensitive patterns to form a cross-linked thin layer, which
allows the delamination of the sensing film from the textile
(Figure 1b). Figure 1c shows the scanning electron microscopy
(SEM) images of the microstructures of the sensitive pattern,
comprising periodic strip lines with anisotropic structures,
which ensures a uniform and consistent response under eternal
forces from different pressing directions. Finally, the electrodes
and the sensing films are laminated and assembled via hot
pressing to complete the fabrication of the sensor array. Using
the proposed strategy, large-area pressure sensor arrays can be
manufactured. Figure 1d shows two photographs of the flexible

pressure sensor arrays with sensing elements of 8 × 8, 16 × 16,
and 16 × 32, demonstrating a scalable process, which is of
significant importance for the potential applications of pressure
sensors.

It is well known that alignment is the key challenge for
multilayer printing. In a screen printing process, the screen
mesh has a micro deformation in the printing direction due to
the applied pressure force and tensile force by the squeegee
(Figure S3a, Supporting Information). Therefore, the printed
patterns have a displacement along the printing direction
compared to the viewing patterns from a microscope (Figure
S3b, Supporting Information), resulting in an alignment error.
As shown in Figure 2a, there has an alignment error of about
270 μm when the patterns on the screen mesh are aligned to
the desired position on the substrate by observing from the
optical microscope, which leads to the electrical short of the
crisscross electrodes due to the uncovered insulators on the

Figure 3. Sensing properties of the fully screen-printed pressure sensor. (a) Relative resistance variation and calculated pressure sensitivity as a
function of pressure up to 132 kPa. (b) Resistance variation in response to applied pressure from 30 to 132 kPa. (c) Response and recovery time of
the pressure sensor to an applied force of about 1 N. (d) Real-time response to a metal ball showing a detection limit of 10 Pa. (e) Output signals of
the pressure sensor in monitoring arterial pulse waves captured within 16 s. Inset is a photograph showing the sensor attached to a human wrist. (f)
Extracted single pulse wave showing distinct systolic and diastolic peaks noted by percussion wave (P-wave), tidal wave (T-wave), and diastolic
wave (D-wave), respectively. (g) Output current of a pressure sensor in response to various forces from 0.9 to 3.7 N. (h) Output current of the
pressure sensor under repeated loading/unloading cycles under a force of 1 N.
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bottom electrodes. To solve this issue, we develop a
compensation approach to introduce an additional displace-
ment to the substrates by regulating the micrometer knob
equipped in the screen printer. Specifically, the substrates with
the printed electrodes are gradually shifted along the moving
direction of the squeegee. Initially, a deviation value of 50 μm
is applied to the substrates. As shown in Figure 2a, the
alignment error is gradually reduced with the increasing of the
additional displacement. Note that the alignment error
becomes negative when the substrate is shifted with a value
of 250 μm, indicating that the deviation is beyond the
reasonable range. We then change the deviation value from 50
to 10 μm. As expected, a minimum alignment error of 3.95 μm
is achieved when the deviation value is 240 μm (Figure 2b),
which is sufficient for precise alignment of multilayer printing
(Figure 2c).

In addition to the alignment error, the insulating property of
the insulation layers is another key issue in the proposed
structure and the printing process. This is because the bottom
and top electrodes may have possible electrical short due to the
connection through the insulators. As shown in Figure 2d,
there are many voids in the printed insulators, which are
attributed to the unsatisfactory wettability of the insulating ink
on the Ag layer. This results in a low effective insulation rate
(Figure 2e). To solve this issue, the insulating ink is printed for
several cycles, followed by treatment under a UV light for
cross-linking and polymerization. It is found that three printing
cycles are sufficient to ensure that the printed electrodes are
successfully insulated with an effective insulation rate of 100%,
which has been verified by the zero current between the top
and bottom electrodes (Figure S4, Supporting Information).
3.2. Electrical Output and Sensing Performance

After the fabrication of the sensor array, we evaluate the
sensing properties, including the sensitivity, response time, and
detection limit. To evaluate the response of the proposed
pressure sensor under static and dynamic forces, a voltage of 1
V is applied to the sensor and the resistance change under
different pressure is recorded by a multimeter. As shown in
Figure 3a, the resistance decreases within a static pressure up
to 132 kPa. Specifically, there is a sharp decrease in resistance
when a pressure less than 30 kPa is applied to the sensor due
to the significant enhancement of the contact areas between
the sensing microstructures and the electrodes. At a pressure
larger than 30 kPa, the resistance gradually decreases because
of the minimal change in the contact density. Despite the
relatively small change in resistance, the larger pressures are
precisely detected (Figure 3b). The sensitivity (S) of a resistive
pressure sensor is typically defined as S = δ(ΔR/R0)/δP,13
where R0 is the initial resistance before force loading, and ΔR =
R − R0 refers to the variation of the resistance under an applied
pressure of P. The sensitivity value can be obtained from the
slope of the resistance versus pressure in the fitted curve. In the
low pressure range (<10 kPa), the sensor exhibits a fitted
sensitivity of 0.05 kPa−1. At pressures between 10 and 30 kPa,
the sensitivity dropped to 0.01 kPa−1, while the value further
abruptly decreases to 0.0001 kPa−1 under pressures larger than
30 kPa due to the considerable flatness of the microstructures.
These sensitivity values are close to or higher than several
representative capacitive and resistive pressure sensors in the
literature (Table S1).37−39 The sensitivity at each pressure has
also been calculated, revealing a power law dependence. It is
observed that the sensitivity gradually decreases from −2.2 to

−0.007 kPa−1 with the increase in pressure (Figure 3a), which
is consistent with the slope of the fitted curve. It is worth
noting that such progressive sensitivities allow for the precise
detection of low force loading and the capability for
monitoring higher pressures, which is desirable for potential
applications in sitting posture recognition.

A fast response speed is essential for pressure sensors in the
real-time detection of applied pressure. It is well established
that the introduction of microstructures to the sensitive layer is
beneficial for a reduction in the response time to the applied
forces due to the rapid energy storage and release. Here, the
sensitive layers contain strip-line microstructures with
anisotropic patterns, which is effective to reduce the response
and recovery time. As shown in Figure 3c, the fabricated sensor
responds rapidly to a force of about 1 N with a rising time and
recovery time of 40 and 100 ms, respectively, ensuring an
immediate response to external forces. The detection limit is
another important parameter of a pressure sensor, which has
been further investigated by loading a metallic particle with a
weight of about 0.25 g to the surface of the pressure sensor.
The output current increases abruptly from 12 μA to about 18
μA after loading the particle (Figure 3d), indicating a
calculated detection limit of about 10 Pa. When the particle
is removed, the current recoveries to 12 μA. The pressure
sensor is then firmly attached to a human wrist using a double-
sided polyurethane (PU) tape to monitor the pulse wave,
which is not easy for most reported pressure sensors.13,25,40

Despite the slight fluctuation in the output current of the
pressure sensor, stable and precise recording of the pulse
conductions is achieved for several cycles (Figure 3e),
confirming the high sensitivity and low detection limit of the
pressure sensor. Note that the introduction of a PU tape
benefits the signal accuracy (Figure S5, Supporting Informa-
tion) due to the strong attachment of the sensor to a human
wrist. The extracted pulse waveform from one pulse clearly
shows some amplitude features such as the systolic and
diastolic peaks (Figure 3f), providing a reliable and real-time
method to monitor human health for early disease diagnosis.
Therefore, the pressure sensor has the potential in detecting
tiny variations of pressure to be used in wearable electronics
and human−machine interaction systems.

For the dynamic response, the resistance changes of the
pressure sensor are recorded after varying the applied forces
from 0.9 to 3.7 N. The current response is constant under a
fixed force for three cycles of loading and unloading, whereas
the current recovers to nearly zero after the force is removed
(Figure 3g). In addition, the responding output of current
signals increases with increasing force, indicating an accurate
response to external force and reliable stability over a broad
force range. The long-term durability pressure perception is
further verified through cyclic loading/unloading under an
external force of 1 N at 0.7 Hz. There is no significant variation
in output currents with negligible drift or fluctuation
throughout the 3000 compression-release cycles (Figure 3h),
indicating excellent stability and repeatability of the pressure
sensor. These features are highly desirable for the sensitive,
real-time, and reliable transduction of pressure signals.
3.3. Real-Time Monitoring of Sitting Postures

Taking the advantages of high sensitivity and fast response
over a wide pressure range, the large-area pressure sensor array
has been integrated with a cushion to record the pressure
distribution of a human with diverse sitting postures in real
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time. Two sensor arrays with 16 × 16 sensing elements are
bridged and connected with flexible flat cables to form a larger
array with a sensing area of 190 × 380 mm2 (Figure 4a), which
is sufficient to cover the pressure distribution of the sitting
postures of an adult. Note that the sensing elements are two
orders of magnitude more and the sensor array is at least two
times larger as compared to previous pressure arrays (Table
S1), benefiting the high-accuracy recording of pressure signals.

To achieve a real-time collection and transduction of pressure
distribution, we construct a customized field programmable
gate array (FPGA) data analysis system (Figure 4b). A flexible
electrical interface is utilized to connect with the sensor array
to collect signal variation in the sensor array. Then, an FPGA
was implemented to acquire the voltage data by controlling a
gate unit via a switch, followed by the data transduction to an
analog-to-digital converter (A/D) to convert the voltage into

Figure 4. Demonstration of the large-area sensor array for siting posture recognition. (a) Photographs of the 16 × 32 sensor array and the
integrated cushion. (b) Hardware architecture of the FPGA system with functions of data acquisition, processing, display, and storage. (c) Output
voltages with respect to the changes in sitting postures. (d) Contour plots of pressure distribution for humans with different body weights at
standard sitting posture. (e) Relationship between output voltage and body weights.
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digital format. Next, a microcontroller is used to send the
converted data to a processing and analysis unit. The processed
data of all the sensing elements are displayed on a screen in the
form of two-dimensional mapping. The pressure distribution of
a crisscross sensor up to 32 × 32 sensing elements can be
accurately recorded and analyzed in real time due to a
processing time of less than 1 ms for a single element, ensuring
the real-time display of the pressure mapping of the 16 × 32
sensor array. By considering the potential health risks to young
kids and office workers, a total of six common sitting postures
are selected, including straight sitting, crossed legs, leaning
postures, and forward sitting. As shown in Figure 4c, the
postures are clearly distinguished by visualizing the pressure
mapping. Specifically, the pressure distribution of the normal
sitting is similar at both sides of the sensor array, indicating
that there is no obvious difference in pressure for the ischium
when the truck states are straight. Since our sensor array is
large enough to cover the sitting areas, the pressures at distinct
parts of the body can be recognized (Figure 4c,i). The elliptic
areas indicate a larger pressure than that of the bottom areas,
assigning to the ischium and thighs, respectively, which is
roughly consistent with the real loading features of normal
sitting. In contrast, the sensor array exhibits distinct signals
when the user is in poor sitting postures, such as sitting with
leg up, leaning states, and sitting forward. These sitting states
have been precisely recorded and displayed in the pressure
mappings (Figure 4c,ii−vi), which can be used for monitoring
and preventing humpback and other related health risks. In
addition to the recognition of sitting gestures, the pressure
sensor is also beneficial to identify the pressure distribution of
different weights because of the large sensing range. Four
volunteers with body weights of about 40, 60, 80, and 100 kg
sit on the cushion, and the pressure distributions are recorded.
It is observed that the blue and purple areas in the pressure
mapping are expanding with the increase in body weights
(Figure 4d), revealing that the contact areas and pressures with
the cushion are enlarged. The linear relationship between the
output voltage (U) with the weight (m) provides a value U of
−0.0275 m (Figure 4e), which can be used to predict the
output signals for various body weights. It should be noted that
the output voltages at the side areas (i.e., columns 1 and 2) are
relatively larger than that of the right side in some contour
plots, indicating a smaller pressure distribution, which can be
attributed to the sitting positions of the volunteer. As
mentioned, the combined fast speed of the sensor response
and the data acquisition system is expected to demonstrate
immense potential in health risk monitoring, especially in the
real-time recognition and correction of poor sitting postures.

4. SUMMARY AND CONCLUSIONS
In this study, a multilayered design is used for the realization of
a pressure sensor array and for the integration with a cushion
to recognize and correct the sitting postures in real time. A
versatile screen printing is utilized for the scalable manufactur-
ing of the large-area multilayer structure by introducing a
compensation mechanism into the alignment process. Our
strategy minimizes the deviation errors and achieves a printing
resolution of about 4 μm, which significantly improves the
printing accuracy. Moreover, sensitive patterns with micro-
structures on the surface are also printed using an optimal CB/
PDMS composite ink to boost the sensing performance. As
expected, the fabricated pressure sensor exhibits a high-
pressure sensitivity, a fast response, a low detect limit, and a

wide sensing range. Together with a customized FPGA unit
with a data acquisition time of 1 ms for a single element, a
flexible sensing system can precisely detect the variation in the
output signal of the large-are sensor array and display the
pressure mapping without delay. We believe that the proposed
approach opens a unique route for large-area manufacturing of
flexible sensors with arrayed structures, which is expected to
expand the practical applications of pressure sensor array, such
as diagnosing cardiovascular disease by recording pulse wave
velocity, monitoring sound signals, interacting with the
machine through a human−machine interface, and measuring
parameters of aircraft.
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