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Inkjet-Printed Soft Resistive Pressure Sensor Patch
for Wearable Electronics Applications

Li-Wei Lo, Hongyang Shi, Haochuan Wan, Zhihao Xu, Xiaobo Tan, and Chuan Wang*

Soft pressure sensors may find a wide range of applications in soft robotics,
biomedical devices, and smart wearables. Here, an inkjet-printed resistive
pressure sensor that offers high sensitivity and can be fabricated using a
very simple process is reported. The device is composed of a conductive
silver nanoparticle (AgNP) layer directly printed onto a polydimethylsiloxane
substrate and encapsulated by a VHB tape. The pressure is measured
through change in electrical resistance caused by pressure-induced strain in
the printed AgNP thin film. The influence of substrate stiffness and thick-
ness on the sensitivity and achieved sensors with an optimized configuration
that exhibit highly repeatable response with a sensitivity of up to 0.48 kPa™!
is systematically studied. It is further demonstrated that such a printed soft
sensor patch is capable of measuring arterial pulse waveforms or detecting
acoustic vibrations under various sound pressure levels. With its simple and
low-cost fabrication process and high sensitivity, the inkjet-printed resistive
pressure sensor is promising for future biomedical and smart wearable device

applications.

Recent development on smart wearables, health monitoring
devices, and soft robotics has attracted a great amount of
interest in flexible or stretchable physical and chemical sen-
sors.11% Among the various types of flexible sensors, pressure
sensor is one that has been extensively studied, and there is
an increasing demand for lightweight, skin-conformable, and
disposable soft pressure sensors with high sensitivity.!1-4
There are a number of pressure sensing mechanisms available,
including resistive,'>1% capacitive,!'”®l and piezoelectric.':%
Capacitive pressure sensors are typically composed of an elas-
tomeric dielectric layer sandwiched between two parallel-plate
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electrodes, whose capacitance changes
under pressure due to the deformation
of the dielectric layer. Although capacitive
pressure sensors have some advantages
including simple device structure and
easy fabrication, they typically exhibit low
sensitivity and also require more sophis-
ticated readout circuits that can measure
very small capacitance change (typically
in the range of hundreds of femtofarad).
Moreover, parasitic capacitance and cross-
talk between the pixels could also lead
to reduced sensitivity and spatial resolu-
tion. Piezoelectric materials such as poly-
vinylidene difluoride that can generate
electrical charges from mechanical impact
can also be used for pressure sensing.!’!
However, such piezoelectric sensors are
not suitable for measuring static pressure
as they only respond to dynamic changes
in pressure. Considering the above, resis-
tive pressure sensors are more promising
as they typically offer great sensitivity and only require very
basic readout circuit that can measure resistance change. The
resistive pressure sensors are typically made using thin films of
conductors, such as nanocomposites!!®! or nanowires,® whose
electrical resistance changes under mechanical strain due to
microscopic change in morphology or increase in distance
between the conductive fillers.21-23]

For sensor fabrication, inkjet printing!**-33 has been widely
used and the advantages are multifold. First, the printing pro-
cess greatly simplifies the fabrication by completely eliminating
the need for masks (used in photolithography), as well as high
temperature or high vacuum processes commonly used in
semiconductor microfabrication. Moreover, it is an additive and
highly scalable process that can greatly reduce materials waste.
For these reasons, the inkjet printing process could allow the
sensors to be low-cost and potentially disposable. Many types
of printed sensors including strain sensor,?*3! tempera-
ture sensor,”*3% and humidity sensorl?’-?®l have already been
demonstrated.

We have recently demonstrated the use of inkjet-printed
silver nanoparticle (AgNP) pattern on an elastomer substrate
as an ultrasensitive strain sensor.’!l Inspired by the capability
of using printed AgNP thin film for strain sensing and its
very high sensitivity, in this work, we demonstrate a printed
resistive pressure sensor whose sensing mechanism is based
on pressure-induced strain. The sensor consists of a conduc-
tive AgNP layer that is directly printed onto a polydimethylsi-
loxane (PDMS) substrate and subsequently encapsulated by
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Figure 1. Concept and working principle of the printed resistive pressure sensor. a) Left: schematic illustration of printed resistive pressure sensor.
An applied pressure causes deformation in the elastic PDMS substrate, which induces tensile strain in the printed AgNP thin film. Right: Schematic
showing the three layers in the pressure sensor. b) Photo of a representative sample with multiple printed pressure sensors. c) SEM images of the
printed AgNP thin film under different levels of tensile strain from 0% to 30% and then back to 0% showing the increase in amount and size of micro-
cracks in the film under stretching and the recovery when the strain is released.

a VHB tape. When a pressure is applied perpendicular to the
sensor surface, small amount of tensile strain is induced in
the AgNP layer, which generates microcracks and leads to a
change in electrical resistance. We have systematically studied
the influence of substrate stiffness and thickness on the char-
acteristics of the sensor using finite element simulations and
achieved an optimized configuration with a pressure sensitivity
of up to 0.48 kPa~'. Due to the high sensitivity and low fabrica-
tion cost, our printed resistive pressure sensor is particularly
suitable for disposable wearable sensor applications. As proof-
of-concept, we have demonstrated the use of the printed sensor
for detecting acoustic vibration and measuring arterial pulse
waveforms.

The concept and structure of the printed resistive pressure
sensor are schematically illustrated in Figure 1a. The device is
composed of three layers: the elastic PDMS substrate, printed
AgNP thin film, and VHB tape encapsulation. The thickness
of the VHB tape is 0.5 mm, while the thickness of the PDMS
substrate varies from 1 to 0.15 mm. As will be discussed later,
both the thickness and stiffness of the PDMS have great impact
on the sensitivity of the sensor. Due to the hydrophobicity of
PDMS, pretreating the PDMS substrate with oxygen plasms
prior to printing is crucial as it greatly improves the wetting
of the ink on the surface and consequently the uniformity of
the printed AgNP thin film. As shown in Figure 1a, the active
sensing region of the device is comprised of a serpentine-shaped
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printed AgNP pattern, and the whole device is encapsulated by
a VHB tape which is stretchable and also offers strong bonding
to low surface energy surfaces, such as PDMS. More details
of the sensor fabrication process are described in the Experi-
mental Section and the printed device geometry is presented
in Figure S1 (Supporting Information). The printing process
allows the sensors to be easily fabricated in large quantity and
at low cost. A photograph of a roll of PDMS substrate with mul-
tiple printed sensors is shown in Figure 1b.

The sensing mechanism of the printed resistive pressure
sensor can be attributed to the formation of microcracks inside
the AgNP thin film under pressure. As illustrated in the left
schematic in Figure 1a, pressure applied perpendicular to the
surface of the sensor causes deformation of the substrate,
which induces a tensile strain in the printed AgNP thin film
and leads to the formation of microcracks. The microcracks
will result in an increase in the film resistance and the change
can be measured electrically. In order to understand the rela-
tion between the microcracks and tensile strain, a PDMS sub-
strate with printed AgNP thin film was mounted on a linear
stretching stage and examined by scanning electron microscope
(SEM). Figure 1c shows the SEM images taken from the printed
AgNP thin film when the sample was stretched under various
levels of tensile strain from 0%, 15% to 30% then released to
its relaxed state of 0%. The AgNPs are 100-200 nm in diameter
(as shown in Figure S2, Supporting Information) and they are
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Figure 2. Finite element simulation showing the pressure-induced deformation and strain in four types of sensors with different PDMS mixing ratio
(10:1 and 20:1) and substrate thickness (1 and 0.15 mm). a) Deformation in two 1 mm thick sensors with mixing ratio of 10:1 and 20:1 when a pres-
sure of 10 kPa was applied. b) Profile of the maximum principal strain in four types of sensors when a pressure of 10 kPa was applied perpendicular
to the sensor surface. ¢) Maximum principal strain plotted as a function of pressure for four types of sensors.

mostly bonded together in relaxed state. From both low magni-
fication (top row) and high magnification (bottom row) images,
one can clearly see that an increase in strain leads to increase in
both the amount and size of the microcracks and such micro-
cracks propagate uniformly through the entire printed AgNP
pattern. On the other hand, when the strain is released, the size
of the microcracks becomes smaller and the film morphology
is recovered to almost the same as the relaxed state. The crack
formation and recovery processes are reversible, and it is the
reason for the highly repeatable electrical response from the
Sensor.

Because the response of the sensor depends on the strain
induced by the substrate deformation, it is important to under-
stand the effect of substrate stiffness and thickness on the
induced strain. Finite element simulations were conducted
using COMSOL to investigate four different types of sensors
with different PDMS stiffness and thickness and the results
are presented in Figure 2. The variation in PDMS stiffness was
achieved by mixing PDMS prepolymer and curing agent at a
mixing ratio of either 10:1 (stiffer) or 20:1 (softer), and two dif-
ferent PDMS substrate thicknesses of either 1 or 0.15 mm were
prepared. Figure 2a displays the simulated deformation under
10 kPa pressure in two samples with 1 mm thick PDMS and
mixing ratios of 10:1 or 20:1. The PDMS with a 20:1 mixing
ratio results in a softer substrate with a Young's modulus of
2.8 X 10° Pa and the 10:1 mixing ratio results in a stiffer sub-
strate with a Young's modulus of 5.8 x 10° Pa.}4l Simulation
results show the softer sample with 20:1 mixing ratio deforms
significantly more than the stiffer 10:1 sample. The larger defor-
mation will translate to higher sensitivity as will be discussed
later. Furthermore, we have also simulated the maximum
principal strain profile for each sample and the results are pre-
sented in Figure 2b. By comparing the results, one can see that
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under the same pressure, the samples with thinner (0.15 mm)
or softer (20:1) substrate experience greater maximum principal
strain compared to the samples with thicker (1 mm) or stiffer
(10:1) substrates, respectively. The simulation results also indi-
cate that the greater the substrate deformation, the larger the
maximum principal strain induced. Figure 2c summarizes
the simulation results of maximum principal strain in all four
types of sensors under various pressure levels up to 20 kPa.
The results indicate that the maximum strain varies linearly
with the applied pressure, and among all samples, the one with
a PDMS thickness of 0.15 mm and 20:1 mixing ratio exhibits
the largest maximum principal strain under all the conditions.
From the simulation results above, one can expect that the
printed sensors with thinner and softer substrate will have
more and larger microcracks formed under the same pressure
level, which will result in greater change in electrical resist-
ance and better sensitivity. To understand and experimentally
test the relation between the pressure/strain and the electrical
properties of the printed AgNP thin film, the relative changes
in resistance of the sensor (AR/R,, where AR is the change
in resistance and R is the resistance in relaxed state) were
measured as a function of pressure or tensile strain and the
results are presented in Figure 3. The details about the electro-
mechanical property measurement setup are described in the
Experimental Section and the pressure applied onto the printed
sensor was precisely determined using a commercially avail-
able force sensor as a reference. Figure 3a shows the sensor
response curve (AR/R, vs P) for all four types of printed sen-
sors described in Figure 2. All of them responded similar to
the applied pressure and exhibited a linear relationship with
increasing pressure from 0 to about 15 kPa. The sensitivity of
the sensor can be extracted from the slope of the AR/R, vs P
curve and the results are plotted in Figure 3b. The sample
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Figure 3. Electromechanical characterization of the printed resistive pressure sensor. a) Relative change in resistance in response to applied pressure
for four types of sensors. b) The sensitivity of each type of sensor extracted from the data in panel (a). c) Relative change in resistance plotted as a
function of tensile strain, where the printed AgNP thin film is manually stretched and released by a linear stretching stage.

with the softest and thinnest PDMS substrate (20:1 mixing
ratio and 0.15 mm thickness) exhibits the highest sensitivity
of 0.48 kPa™l. The rest of the samples with mixing ratio of
10:1 and thickness of 0.15 mm, mixing ratio of 20:1 and
thickness of 1 mm, and mixing ratio of 10:1 and thickness of
1 mm all exhibit lower sensitivity of 0.22, 0.13, and 0.07 kPa’,
respectively. The experimental results again indicate that
better sensitivity can be achieved by using thinner and softer
PDMS substrate, which is in good agreement with the simu-
lation results above in Figure 2c. Furthermore, the sensitivity
of 0.48 kPa™! is higher than widely reported capacitive pres-
sure sensors, whose sensitivity typically range from as low as
=0.002['8 t0 0.15 kPa~! with texturized dielectric layer prepared
using sophisticated microfabrication process.l® The sensitivity
is also comparable with many previously reported resistive
pressure sensors based on various types of sensing materials
(Table S1, Supporting Information). In addition, unlike most
pressure sensors that exhibit nonlinear response to pressure
with the highest sensitivity happening at low pressure range,
our printed pressure sensor exhibits a linear pressure response
curve throughout its detecting range.

In order to confirm that the observed resistance change
under pressure is indeed caused by pressure-induced tensile
strain, a straight line of AgNP was printed onto PDMS and
the sample was mounted on a linear stage for stretching test
as shown in Figure 3c. The sample was first stretched from
0% to 3% and an increase in AR/R, of up to 12 (1200%) was
observed. Then the sample was gradually released to its relaxed
state and the AR/R, fully recovered to around 0 with almost
hysteresis-free resistance-strain characteristic. The stretching
test result links the experiment results in Figure 3a to the simu-

lation results in Figure 2c and explains the working principle of

the printed resistive pressure sensor—pressure induces strain,
which leads to formation of microcracks in the printed AgNP
thin film and consequently increase in its electrical resistance.
The dynamic response and stability of the printed resistive
pressure sensor were also studied and the results are presented
in Figure 4a,b. The pressure was applied automatically using a
modified syringe pump shown in Figure 4c. Various pressure
levels can be applied by controlling the infuse rate, withdraw
rate, and target volume in the syringe pump. In this setup, the
printed sensor was placed on top of a commercially available
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Figure 4. Dynamic response test of the sensor under different pressure. a,b) Plots showing the relative changes in resistance for the pressure sensor
with 20:T mixing ratio and 0.15 mm thickness under dynamic pressure test in a range from 1.5 to 6.5 kPa at a frequency of 0.2 Hz. The red trace shows
the resistance change of the sensor and the green trace corresponds to the applied pressure. The data in (b) are a zoomed-in view of the data inside
the blue dashed box in panel (a). c) Photograph showing the experimental setup used for testing the dynamic response of the sensor.
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Figure 5. Representative applications of the printed resistive pressure sensor. a,b) Relative change in resistance of the printed pressure sensor in
response to acoustic vibrations under various sound pressure levels (SPL) played through a speaker with prerecorded voice (Washington University
in St. louis, Electrical and System Engineering). c) Photograph showing the experiment setup with the sensor placed directly on a laptop speaker.
d) Arterial pulse waveforms measured from the printed sensor. €) One cycle of the data in (d) showing the incident peak and reflective peak of the
arterial pulse waveform. f) Photograph of the printed pressure sensor attached on the wrist above the artery for the experiment.

force sensor (FSR 402 Interlink Electronics, Inc.) which pre-
cisely measures the pressure applied by the loading rod. The
device with the best sensitivity (20:1 mixing ratio and 0.15 mm
thickness) was used for the dynamic response measurement.
Pressure was applied at a frequency of 0.2 Hz and repeated for
five times at each pressure level from =1.5 to 6.5 kPa and the
corresponding resistance of the sensor was recorded as a func-
tion of time. As shown in Figure 4a, the AR/R exhibits highly
reproducible sensing response of about 0.24, 0.6, 1.2, 1.6, and
2.25 at pressure levels of 1.5, 2.8, 4.5, 5.1, and 6.5 kPa, respec-
tively. Figure 4b plots one cycle of the dynamic response data,
from which the response and recovery times are estimated to
be both at around 0.25 s. It is worth noting that our printed
sensor exhibits slightly slower response than the commercial
force sensor, which is due to the slow recovery characteristics
of the PDMS substrate. Except for the longer response time,
the data measured from our printed pressure sensor (red trace)
closely tracks the data from the reference force sensor indi-
cating the reliability of our device for practical applications. We
have also tested the cyclic durability of the sensor by repeatedly
applying a pressure of 1.5 kPa at a frequency of 0.1 Hz for up
to 1000 cycles and long-term stability of the sensor by meas-
uring the response curve of same device after 5 months. In
both cases, the sensor response remained almost unchanged
and the data are presented in Figures S3 and S4 (Supporting
Information).

Due to its stretchability, small thickness, and the extremely
high pressure sensitivity, our printed resistive pressure sensor
is suitable for a wide range of applications such as wearable
health monitoring device or sensory system for soft robots. As
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a proof of concept, we demonstrate two different applications
using the printed sensor—a soft microphone patch (Figure 5a,c)
and a wearable patch for arterial pulse monitoring (Figure 5d.f).
For the microphone application, a sensor (20:1, 0.15 mm thick-
ness) was placed on a laptop speaker as shown in Figure 5c.
A prerecorded audio file of a person speaking “Washington
University in St. Louis, Electrical and Systems Engineering”
was played though the speaker at three different volume set-
tings, corresponding to sound pressure levels (SPL) of 95, 80,
and 65 dB, respectively. The acoustic response from the sensor
(AR/Ry) was recorded and plotted in Figure 5a. Notably, as the
volume increases, the magnitude of the response recorded by
the sensor also increases, but the signal waveform remains
almost identical as indicated in Figure 5b. The signal measured
from the printed sensor also closely resembles the waveform
from the source file, albeit the sampling rate was much lower at
20 Hz (compared to 44.1 kHz of the source file), which is lim-
ited by the step size of 50 ms from the Semiconductor Device
Analyzer used during the measurements. The demonstration
above indicates the potential of our printed sensor for wearable
audio recording device or sounds recognition applications.
Moreover, the high sensitivity and stretchability of the sensor
make it also suitable for application as a wearable health moni-
toring device. The stretchability ensures its ability to conform-
ably attach to human skin and its extremely high sensitivity
enables it to record weak signals from the body. Here, we
demonstrate that our printed sensor can be used as a nonin-
vasive, real-time arterial pulse measurement patch as shown
in Figure 5d,c. In order to record the arterial pulse waveform
accurately, the sensor was placed on top of the wrist artery as
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shown in Figure 5f and a wrist band was used to tightly wrap
the sensor around the wrist. The recorded pulse waveform
shown in Figure 5d is periodic and corresponds to a heart
rate of 81 bpm. The peripheral artery pressure waves include
three waves, the incident wave generated from the ejection
of the blood from the heart, the reflected waveform from the
upper body region and the reflected wave from the lower body.
In Figure 5e, the waveform clearly shows the incident peak (P;)
and two reflected peaks (P, and Ps). From these peaks, one can
determine the arterial stiffness by radial artery augmentation
index AI, = P,/P,, and the time difference between the first two
peaks, AT,,p,. The measured value from a 25-year-old test person
shows Al, = 0.45 and AT, = 0.16, both of which are expected
values according to the literature.}® The ability to accurately
measure the arterial pulse waveform makes it possible to fur-
ther implement our sensor into a real-time blood pressure
monitoring device in the future.

In summary, we have demonstrated a printed resistive pres-
sure sensor that is easy to fabricate, soft, lightweight, and
with high sensitivity. The sensing mechanism of the sensor
including pressure-induced strain, microcrack formation, and
effect of substrate stiffness and thickness on the sensor perfor-
mance has been systematically studied by both simulation and
experiments. Due to its high sensitivity, the pressure sensor is
able to measure both sound wave and arterial pulse waveform.
The sensor platform developed in this work may lead to dispos-
able sensor patches that can be used in future smart wearables
and biomedical devices for applications such as real-time blood
pressure monitoring.

Experimental Section

Sensor Fabrication: To prepare the substrate, PDMS prepolymer was
first mixed with the curing agent (Sylgard 184, Dow Corning, USA) with
mixing ratios of either 10:1 or 20:1 w/w. The PDMS was then casted
onto a 1 in. x 1 in. glass slide pretreated with Rain-X (ITW Global
Brands) and isopropanol. The 1 mm thick substrate was prepared by
sandwiching the PDMS in between two glass slides with a T mm spacer
and the 0.15 mm thick substrate was prepared by spin coating (500 rpm,
30 s). The PDMS substrate was then cured on a hotplate for 3 h at
80 °C. Silver nanoparticle ink (PG-007AA from Paru Corporation, South
Korea) with particle size of 100-200 nm was diluted in ethylene glycol
and then printed onto the PDMS substrate using a GIX Microplotter
(Sonoplot Inc.) with nozzle openings of 50-200 um. To aid the wetting
of the ink, the PDMS substrate was treated by oxygen plasma (Plasma
Etch PE25, Plasma Etch Inc.) at 30 W for 5 s. After printing the AgNP
feature, the sample was placed on a hotplate and annealed for 20 min
at 55 °C to remove the polymer binders and then for another 60 min
at 150 °C remove the solvent and sinter the silver nanoparticles. As a
last step, flexible ribbon cables were used to form electrical connection
with the printed sensor and the entire device was packaged by VHB tape
(VHB-4905, 3M) to serve as an encapsulation layer. The VHB tape made
with acrylic foam is viscoelastic which is desirable for stretchable sensor
applications and it also bonds strongly with the low surface energy
PDMS substrate.

Pressure Measurement: A modified syringe pump with 3D-printed
loading rod and loading platform was used for the pressure
measurement. A commercially available force sensor (FSR 402, Interlink
Electronics, Inc.) was attached to the bottom of the loading platform
as a reference sensor to measure the actual pressure exerted by the
loading rod. During the experiment, the pressure was applied to both
the printed AgNP sensor and the FSR reference sensor and the data
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from both sensors were record by a Semiconductor Device Analyzer
(Keysight B1500A). Before placing the AgNP sensor, the response curve
(resistance-pressure) of the FSR sensor was characterized by placing
different amount of standard weight on the loading platform.

Device Characterization: Both optical microscope (Olympus BX53M)
and field-emission scanning electron microscope (JEOL JSM-7001LVF)
were used to capture the surface morphology of the printed AgNP
thin film. Semiconductor Device Analyzer (Keysight B1500A) was
used to measure the electrical properties of AgNP sensor. For each
measurement, a constant voltage of 1 V was applied the current through
the sensor was measured by the analyzer, from which the resistance
value was deduced. The experiment involving human subject has been
performed with the full, informed consent of the volunteer, who is also
the first author of the manuscript.
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