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ABSTRACT: A concise and economical way to build nanoparticle
thin-film strain sensors of high gauge factors on a flexible
polydimethylsiloxane substrate is developed. The gauge factors
for resistance change and capacitance change are much larger than
those of many other competing sensors. The small bulk modulus of
the substrate provides the sensor a large responsivity for pressure
with a frequency bandwidth of kHz. It can be used for tactile
sensing that is capable of monitoring human pulse for pre-clinical
diagnosis, by resolving minor structures such as peaks of dicrotic
pulse and before dicrotic pulse in the waveforms.

KEYWORDS: nanoparticle, polydimethylsiloxane, piezoresistance, piezocapacitance, pressure sensing, human pulse monitoring,
point-of-care

■ INTRODUCTION

Electronic skin, which can transduce pressure,1−4 temper-
ature,5 and moisture6 signals into electrical ones, may find vast
applications in robotics and medicine.7 In addition, the
emerging mobile electronics revokes the development of
pressure sensors because of the heavy reliance on a high-
performance and low-cost component in human-machine
interfaces.8−11 There is tremendous interest to develop
microelectromechanical systems integrated with pressure
sensors that allow for atmospheric or tactile applications with
a very high resolution of sub-100 Pa. Except for a gentle touch
that is in the kPa regime, such a resolution allows the
barometric measurement to distinguish an altitude difference
on the meter scale.12 State-of-the-art tactile sensors could be
made by taking advantage of piezoresistive, piezoelectric, and
triboelectric effects. Piezoresistance devices,13 of which
resistance changes according to stress (or strain), are good
candidates for such a need. Regarding electrical measurement,
three different types have been demonstrated in recent tactile
sensors: resistive, capacitive, and field effect. The flexible field
effect transistors made of organic14 or core−shell nanowires3
are suitable for the sensors; however, the complicated and
expensive fabrication limits their usage for large area sensing.
Some materials, such as Si and ZnO, have a large piezoelectric
constant, allowing highly sensitive usage, but are limited by
their small dynamic range due to their low flexibility.15−17

Recently, the emergent two-dimensional materials may be used

for a wider strain range but with a trade-off in lower
sensitivity.18

Much more trials were performed on composite materials
made of conductor networks embedded in polymers, which
can be engineered into sensors of resistive and capacitive types
with a balance between sensitivity and dynamic range, together
with performance and cost. Combined with soft and
stretchable substrates, such as polydimethylsiloxane (PDMS)
and Ecoflex silicone rubber, the strain sensors can be used for
high-performance pressure sensing.19 In particular, flexible
sensors can find much wide applications in industrial and
medical fields since they are compatible with non-flat surfaces.
Indeed, realistic applications including vibration detection,
large human motion sensing, human pulse detections, and
respiration monitoring have been demonstrated.19−21 These
advances ensure that flexible sensors can be used for point-of-
care testing.
Among the sensors made of composite materials, strain

sensors made of metallic nanoparticles (NPs) have been
demonstrated with great performance and are easy to build on
various types of substrates.22−29 The large resistance change
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arises from the strain-sensitive hopping conduction in these
NP films based on the conductance formula in the weak
coupling regime at high temperatures,22,30

G G e es E k T
0

/a B= β− −
(1)

Here, s is the interparticle spacing, while β is a constant,
typically between 9 and 13 nm−1, depending on free space
tunneling or molecule chain hopping as the interparticle
conduction mechanism.31 Ea is the thermal activation energy
that is related to the single particle Coulomb charging effect. At
room temperature, Ea is usually smaller than the thermal
energy kBT (∼26 meV as temperature T ≈ 300 K), so the
factor e−βs becomes dominant in the conduction. As illustrated
in Figure 1a, assuming that the organic molecules, which

support the interparticle spacing s, are much more easily
deformed than the NPs, we can estimate that the change of s
under an isotropic expansion is given by Δs = (2r + s)ε, in
which r is the radius of NPs and ε denotes the strain. From eq
1, the relative resistance change as a function of ε reads

R R e e/ 1 1s g
0Δ = − = −β εΔ

(2)

in which R0 is the device resistance in the absence of strain, ΔR
= R − R0 is the resistance change, and g = β(2r + s) is the
gauge factor, which is typically used to quantify the
performance of a strain sensor.
In addition to the strain-sensitive molecular junctions

mentioned above, a recent work demonstrated mechanical
sensing based on nanoscale crack junctions,32 which serves a
good supplement to the large piezoresistive behavior in sensors
based on NPs. As reported in our previous work33 and other
similar ones, cracks on the order of 10 nm do form during NP
device fabrication and cyclic bending. Therefore, we cannot
completely rule out the possible piezoresistive response due to
nanoscale crack junctions. The concept of a crack sensory
system is illustrated in Figure 1b. We may consider their
contribution to the device gauge factor when the device
resistance is dominated by the cracks using two scenarios: (i)
crack gap increment and (ii) crack number increment. As
illustrated and discussed in ref 32, the increment of the crack
gap, h, under a tensile strain can be estimated by Δh/h = εD/h,
in which D is the average distance between adjacent cracks and

D ≫ h. Since the intercrack conduction in the NP assembly
should also obey the tunneling law described by eq 1, the
estimated gauge factor for this scenario is g = βD. In the other
scenario, we presume solely the increment of the crack
number, ΔN/N = εD/h, without a change in h. Since the
device resistance is linearly proportional to N, this increment
should yield a gauge factor of g = D/h. For the polyimide
substrate, we could estimate D to be 1 μm, so the g can be 104

in the incremented gap case and 102 in the incremented
number case. A quantitative study of the device resistance and
gauge factors should indicate which mechanism is more
plausible.
In this work, we intend to develop tactile sensors based on

the piezoresitive effect of the nanoparticle films. To simulate
the mechanical property of human skin, which typically has a
Young’s modulus of 4−8 × 105 Pa, we choose PDMS, which
typically has a Young’s modulus of 106 Pa as the substrate
material. PDMS is also widely used in biomedical applications
due to it being optically clear, inert, and non-toxic. It has been
demonstrated that the PDMS elastomer can be used as a base
structure material of the tactile sensor. The deposition of a
nanoparticle film is compatible with the PDMS material, and a
simple and durable package scheme is developed. In addition
to the expected high piezoresistve behavior, we also
demonstrated high piezocapacitive results in similar devices
with a higher resistance. Our findings may elucidate the
mechanism of the capacitance change in the nanoparticle
assembly as well as indicate the possibility of building sensors
used in different electronic circuits by tuning fabrication
parameters. The pressure responsivity of 3 kPa−1 and
frequency bandwidth of 1 kHz allow us to sense the human
pulse at the radial artery. The sensor is highly sensitive that it
can resolve minor structures, such as peaks of dicrotic pulse
and before dicrotic pulse in the waveforms. Though the
nanoparticle is not a new face, the fabrication and packaging
methods we introduced provide the superior behavior in the
sensors having similar functions. The sensitivity of our sensors
is one-order of magnitude higher than a very recent report on a
NP-based pressure sensor, which is capable of detecting the
atmospheric pressure change at an elevation of 10 m.12 These
achievements have widened the application with NP-based
sensors in a new regime. Together with low-cost and easy-to-
use, such a kind of sensor could find application in pre-clinical
diagnosis.34

■ EXPERIMENTAL METHODS
Gold nanoparticles (AuNPs) of 12 or 16 nm diameter were prepared
by sodium citrate reduction of HAuCl4 and were further modified
with 3-mercaptopropionic acid (MPA).35 The PDMS substrate (Gel-
Pak PF-40/17-X8) surface was modified with 3-aminopropyltrime-
thoxysilane (APTMS) to assist the absorption of AuNPs. For this
purpose, substrates were treated with atmospheric plasma at 0.5 torr
with 15 min, followed by immersion in a solution containing APTMS
for 9 h. AuNP colloidal solution (12 mL) was placed and spun at
10,000 rpm for 20 min in a 50 mL test tube for which a surface-
modified PDMS substrate was attached to the inner surface. After
being centrifuged and dried in air, a Au deposited film with a size of
20 mm × 30 mm (Figure 1c) comprising 2−3 Au NP layers formed
on the PDMS surface. We note that when the pH value of the
colloidal solution is properly controlled, deposited AuNPs may form a
closely packed thin film, in which the interparticle spacing was simply
determined by the length of surface-modification molecule.35 Figure
1d illustrates the scanning electron micrograph of a typical deposited
film. The resistance of the as-fabricated device is related to the
deposited NP layer number, which is controlled by the total NP

Figure 1. (a) Schematic of the molecular junctions formed between
adjacent NPs. A tensile strain increases the interparticle distance
spacing s. (b) Schematic of nanoscale crack junctions on the NP film.
Either the crack gap, h, or crack number, N, would increase under a
tensile strain. (c) Photograph of the AuNP film as-deposited on the
PDMS substrate. (d) Electron micrograph of the deposited AuNP
film. The scale bar is 100 nm. (e) Schematic drawing of the AuNP
strain sensors. (f) Photograph of a strain sensor.
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amount in the solution. The Au NP-coated PDMS substrate was then
dissected into two 20 mm × 5 mm strips. To assemble the device,
these two strips were attached to each other with the Au film coated
faces. Commercial Ag paste was used to package the device and
conduct the signal to Cu wires. Since the process was done manually,
we cannot exclude the possible strain that resulted from the substrate
binding process. Indeed, even a tiny strain could cause a large
resistance change because the gauge factor of the nanoparticle device
is great. Unlike the fabrication scheme proposed by others, our device
did not undergo a post-annealing process to prevent any degrading of
the surface-modified molecules. Figure 1e,f shows the schematic and
photograph of the assembled strain sensor, respectively.
To have a step-by-step change of the strain, the sensor substrate

was attached onto a printed circuit board, which could be bended on
a homemade test platform.33 The applied strain could range between
−1.0 and 1.0% with <0.1% accuracy, which was calibrated by a
commercial metal foil strain gauge. The resistance of the sensor is
inferred from the current−voltage measurement with a typical bias
voltage of 0.1 V. Capacitance measurement is done using a
capacitance bridge (Andeen-Hagerling 2500A) with a resolution of
0.5 aF. The detection signal is 0.75 V at a frequency of 1 kHz. To
study the response under the pressure, small weights were used to
exert a uniform force onto the sensors. The frequency response of the
sensor was done using a loud speaker. Two methods were applied to
introduce the vibrations to the device: Devices were directly attached
to the speaker diaphragm or were suspended allowing single-point
contact to the diaphragm. To produce the single frequency vibrations,
the speaker is driven by sinusoidal voltage signals from 10 Hz to 2
kHz. The detail of the setup can be found in Supporting Information,
Section II.

■ RESULTS AND DISCUSSION

Pressure Responsivity. The tensile and compressive
strains were applied using two bending schemes illustrated in
Figures 2a,b. Because of the low bulk modulus of the PDMS
substrate (a few MPa), the device can be used as a pressure
sensor. Figure 2c schematically displays the deformation of the
device under a pressure. It can be expected that the device
resistance will drop in Figure 2b,c due to the reduction in
interparticle spacing. Figure 2d shows the sensor response ΔR/
R0 as a function of strain ε under the stepwise change of strain.
In the small strain region, from −1.0 to 1.0%, we found that
ΔR/R0 follows the prediction of eq 2 with a gauge factor g =
104. Our previous work has shown a tunneling decay constant

β of 11.8 nm−1. The expected value is roughly 150 by using the
AuNP radius r = 6 nm and a typical s of 1 nm for MPA-
modified molecular junctions. It is also compatible with the
incremented number scenario for crack junctions when D = 1
μm and h = 10 nm. The resistance was found to be reduced if a
pressure is loaded to the device surface as illustrated in Figure
2e. The quality of a pressure gauge can be determined by the
responsivity, which is defined as

R
R R

P
/

p = Δ
Δ (3)

when the applied pressure ΔP is very small. The curve in
Figure 2b is the function ΔR/R = e−RpP − 1 with Rp = 3.3
kPa−1. Although the well-controlled tests were performed in
the small strain and pressure range, the devices can endure a
big strain and recover quickly. Due to the large gauge factor, a
greater elongation deformation can result in the sensor an
open circuit. In a simple trial, a gentle touch of the device using
finger, which is on the 10−20 kPa range, can reduce the
resistance of the device for more than 1 order of magnitude.
According to previous works done by us and others,

enlarged NPs will improve the gauge factors linearly, which can
be easily seen from the theoretical prediction in eq 2. On
average, our device made of 16 nm NPs has a greater gauge
factor than that made of 12 nm NPs. However, the film
assembled with larger-size NPs typically has much more
defects and the device resistances are generally greater and
with a bigger variation. Regarding the realistic applications, a
good choice to balance the performance and sample yield for
our deposition method will be a size of 12 nm. Another
possible factor, which does not appear in theory, is the (as-
fabricated) device resistance, which can be reduced by the
deposited NP layer. A general result is that the intermediate
resistance, roughly 3−6 MΩ, displays the best gauge factor.
However, the total layer number of the thin film does not have
a clear impact on the result. The details about how the gauge
factor depends on the device resistance and NP layer can be
found in Supporting Information, Section III. Since the
parameters were not varied large enough in the current results,
we would leave these issues for future studies.

Figure 2. (a−c) Schematic diagrams for the device under the test of tensile strain (a), compression strain (b), and pressure (c). Both PDMS
substrates are elongated in (a) and are compressed in (b). (d) Relative resistance change ΔR/R0 as a function of strain from −1.0 to 1.0%
(symbols) of the same device corresponds well to the predicted formula (red curve) with g ≈ 104 ± 1.08. (e) Resistance change under a pressure
up to 450 Pa. The procedures of pressure loading and releasing are shown. The curve presents the results with responsivity of 3.3 kPa−1.
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Capacitance Gauge Factor. From Abele’s formula, we
can estimate the capacitance of a molecular junction as

C s r r s4 ( ) /0πκε= + (4)

Here, κ is the medium dielectric constant. The change of C
increases the charging energy, which is the effective activation
energy for single charge tunneling in the molecular junction. As
such, it may hinder the charge transport. However, the
charging energy is smaller than the room-temperature thermal
energy, so the resistance change due to the C change is
negligible. An alternative way to verify change of C can be
done by capacitance measurement. Abele’s formula predicts
that the capacitance change is ΔC/C∼ − Δs/s∼(2r/s)ε, and a
gauge factor for C change gc = 2r/s. According to our device
parameters r = 6 nm and s = 1 nm, gc originating from
molecular junctions is roughly 10. Similar to Abele’s formula,
the capacitance associated with each crack junction should
scale with 1/h, and the total capacitance due to N cracks scales
as C ∝ 1/hN. Either incremented gap scenario, Δh/h = εD/h,
or incremented number scenario, ΔN/N = εD/h, yields a
similar gauge factor in C change with gc = D/h=100, which
could be much greater than that for molecular junctions.
As illustrated in Figure 3a,b, we measured the capacitance

change of a typical sample (sample 1) with C ≈ 0.5 nF and R ≈

100 MΩ. The capacitance bridge provides simultaneously the
readings of C and loss, which can be inferred as device
resistance R. At strain ε = 1.0%, the capacitance reduces to
0.25 nF while R increases to 1.1 GΩ. The C data can be nicely
fit to a result ΔC/C = e−gcε − 1 with gc = 69. Similar to the
gauge factor for R, the gc value is much bigger than the one
derived from Abele’s formula but smaller than what the crack
mechanism suggests. The resistance change for sample 1 does
not follow well with the prediction of an exponential
increment, probably due to the inaccurate reading of a high
resistance ∼1 GΩ. For another device whose R is 40 MΩ, the
resistance reading follows the exponential behavior better
below the resistance of 160 MΩ. However, the measurement
on capacitance change becomes unstable with this low loss
sample. To summarize gauge factors for R and C change in our
devices, we could confirm that both molecular junctions and

crack junctions contribute to the strain sensitivity, while the
latter one should work in the incremented number scenario.
Our results indicate that both the piezoresistive and

piezocapacitive behaviors can be displayed in these metallic
NP sensors with considerable large gauge factors. In
comparison to the most general bridge circuit applied for a
piezoresistive sensor shown in Figure 3c, an ac signal is
generally used to monitor a capacitance, allowing the sensing
circuit and monitoring circuit possibly coupled inductively as
shown in Figure 3d. The benefit arises due to the noncontact
between the circuits, thus widening the potential applications
for a capacitive sensor for sensing the deformation and/or the
load in moving structures, e.g., a rotor. Table 1 lists the gauge

factors and pressure sensitivities that have been reported very
recently in NP sensors. Among the collected data, our pressure
sensors outperform others for the usage in the small strain
range.

Frequency Response. Under the driving of the
diaphragm, the current-biased sensors generate sinusoidal
voltage signals as illustrated in Figure 4a. The ac voltage
component, which is in accordance with the driving voltage,
originates from the piezoresistive change. However, if the bias
current is turned off, there is a small modulation of the voltage,

Figure 3. (a) Resistance change of the sensor with high resistance
(100 MΩ, R1 data) and lower resistance (40 MΩ, R2 data) samples.
The curve presents a gauge factor of 300. (b) Capacitance change of
the high resistance sensor. The gauge factor for the C change is 69.
(c) Standard bridge circuit for resistance measurement. (d) Bridge
circuit for monitoring a capacitance coupled inductively. Elements in
blue colors are standard resistances and capacitance.

Table 1. Summary of Important Reported Electronic
Pressure Sensors Based on Nanoparticles

NP
material substrate

gauge
factor

strain
range

pressure
sensitivity
(per kPa) ref

Au PDMS >100 1% 3.3 our work
Au variety, e.g.,

Mylar
50−
250

<1% N/A Segev-Bar
et al.36

Ag PDMS 2 20% 0.35 Lee et al.37

Cr PET >100 0.4% N/A Zhen et
al.38

SiO2 PDMS N/A N/A 0.44 Kim et al.39

Pd PET 30 <1% 0.13 Chen et
al.12

Figure 4. (a, b) Device voltage as a function of time when driven by a
100 Hz vibration. The bias current is 3 nA (a) and 0 nA (b). At zero
bias, the voltage majorly contributed from the Faraday induction. The
resistance change was determined by subtracting the induction
background of the voltage signals. (c) Relative resistance change of
the device under the vibration driving at 10, 318, and 1045 Hz. The
resistance change linearly depends on the driving voltage Vd. (d)
Calibrated frequency response of the tactile sensors T10 and T12. In
both cases, they show the bandwidth of about 1 kHz.
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which should be attributed to the induction due to the
mechanical motions. As shown in Figure 4b, the induction
voltage signal is about 5 mV peak-to-peak at 100 Hz and
increases linearly with driving frequency. Therefore, to extract
the contribution from the piezoresistive effect, we subtract the
unbiased voltage from the biased data and determine the
resistance change amplitude. The resistance change linearly
increases as the driving voltage amplitude as shown in Figure
4c. From the slope of the plot, one can determine the response
of the sensor and speaker under Vd driving. Provided the
speaker typical has a large bandwidth from 20 Hz to 20 kHz,
the data may provide the response of the sensors in this
frequency range. The results for attached (sample T10) and
point contacted (sample T12) are shown in Figure 4d. To
remove any frequency response from the loud speaker, we
performed a calibration procedure as described in the
Supporting Information.
Response Time and Durability. To demonstrate the

response time for our sensor, we performed a simple test by
monitoring the resistance when the device experienced a gentle
finger touch as shown in Figure 5a. Due to the high sensitivity
to pressure, the relative resistance reduces to 0.13 or 0.07
under the lighter or stronger pressing. The data presented in
Figure 5b clearly shows that when experiencing such a great
change over one order of magnitude, the device resistance can
get restored to its initial value. Moreover, in the vicinity of
applying and releasing the load, a transient time in resistance
change is well below 1 s as what can be judged in Figure 5c,d.
We also note that if a long holding time during testing was
maintained, the resistance may exhibit a drift with a
characteristic time of about 100 s and at an initial drift rate
of about 10−4/s under a small strain or load. It could originate
from the slow redistribution of the strain on the PDMS
substrate. Generally, when the device is totally released from
the load for much longer than the characteristic time, the
device resistance may be restored.
To test the long-time repeatability and durability, we

conducted continuous cycling of the device bending at 20
Hz using a shaker. One side of the device was attached to the
shaking beam, while the other side was free to move as

illustrated in Figure 5e. In the data shown in Figure 5f, similar
behavior remains over 340 cycles, in one of which the device
resistance changes from 2 to 4 MΩ. Figure 5g,h shows the time
scans of the device resistance at the beginning and at the end
of this test, respectively. It is worth noting that such a kind of
high frequency test was typically conducted for roughly 30 min
with more than 30,000 cycles. Our devices did not show
remarkable degrading after such intensive tests.

Human Pulse Measurement. The pressure responsivity
and frequency bandwidth of the sensors are possible to be used
in monitoring human activities such as pulse. As shown in
Figure 6a, the sensor is simply attached to the wrist without

Figure 5. (a) Test of device resistance change under a gentle touch. (b) Relative change R/R(0) in device resistance in the log scale. The touches
reduce the relative resistance to 0.13 or 0.07 under different loads. (c, d) Zoomed-in images showing the transient behavior of the resistance
change. Within 1 s, the resistance may respond to a stable value. (e) Multicycle test was done using a shaker oscillating at a frequency of 20 Hz. (f)
Total test time in this scan is 17 s. The device resistance showed a similar waveform in the very beginning (g) and at the end of the test (h).

Figure 6. (a) Sensor was attached to the wrist of subject for detecting
human pulses. (b) Real-time scan of the sensor resistance as a
function of time. The single pulse may produce a resistance change of
about 50%. Such a large change allows us to resolve small structures,
such as peaks of dicrotic pulse and before dicrotic pulse. (c, d) Pulse
waveforms taken when the subject was at rest (c) and after 10 min of
intensive exercise (d). After-exercise waveform displays a greater pulse
rate and pulse height, showing an intense heartbeat. (e, f) Fourier
spectrum of the waveforms in (c) and (d) scaled by their fundamental
frequencies, 1.3 and 2.0 Hz, respectively. The at-rest spectrum (e)
presents split peaks while the after-exercise one (f) shows single and
sharp peaks.
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any load. The device can transduce tiny vibrations on the skin
surface to large variations in resistance as shown in Figure 6b.
It may produce a resistance change of 50% and small
structures, such as dicrotic pulse and before dicrotic pulse,
can be resolved with our sensors. Moreover, we note that the
pulse waveforms taken when the subject was after intensive
exercise (Figure 6d) not only display a greater pulse rate and
amplitude than that at rest (Figure 6c) but also clearly show
difference in their Fourier spectrum as illustrated in Figure 6e,f.
Instead of showing split peaks as the at-rest one, the after-
exercise spectrum presents single and sharp peaks although
similar pulse measurements have been demonstrated using
different kinds of strain/pressure sensors but they can only
transduce into very crude pulse shape. Out results, which can
provide very accurate waveform, may provide better
information for pre-clinical diagnosis. Currently, medical
sensors for point-of-care are under fast and vast development
for rapid and low-cost analysis of various targets. Our devices,
which only requires hand-held electrical monitoring equip-
ment, can be easily combined with those for sensing oxygen,40

glucose,41 uric acid,42 albumin,43 lipase,44 etc.

■ CONCLUSIONS
In summary, we built nanoparticle thin-film strain sensors on a
flexible and stretchable PDMS substrate and demonstrated
piezoresistance and piezocapacitance. The gauge factors for the
R change are typically larger than 100, while for the C-change,
they are ∼60. It is found that a device with higher resistance is
more suitable for capacitance monitoring. The soft substrate
PDMS allows us to use the sensors for small pressure
measurement with a responsivity of 3.3 kPa−1, which is
capable in the usage for tactile detection. The frequency
response of about a few kHz is limited by the mechanical loss
of the substrate. Nevertheless, the bandwidth allows us to
monitor the human pulse signals when the sensor is attached
to the wrist. The sensors are capable of providing very accurate
waveforms for pre-clinical diagnosis, such as dicrotic pulse and
before dicrotic pulse, and distinguishing the waveforms taken
at rest and after the exercise by Fourier transform. Currently,
medical sensors for point-of-care are under fast and vast
development for rapid and low-cost analysis of various targets.
Our devices, which only require hand-held electrical
monitoring equipment, can be easily integrated in the sensory
system for such a need.
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