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ABSTRACT: Polymer capacitive pressure sensors based on a
dielectric composite layer of zinc oxide nanowire and poly(methyl
methacrylate) show pressure sensitivity in the range of 2.63 × 10−3

to 9.95 × 10−3 cm2 gf−1. This represents an increase of capacitance
change by as much as a factor of 23 over pristine polymer devices.
An ultralight load of only 10 mg (corresponding to an applied
pressure of ∼0.01 gf cm−2) can be clearly recognized,
demonstrating remarkable characteristics of these nanowire-
polymer capacitive pressure sensors. In addition, optical trans-
mittance of the dielectric composite layer is approximately 90% in
the visible wavelength region. Their low processing temperature,
transparency, and flexible dielectric film makes them a highly
promising means for flexible touching and pressure-sensing
applications.
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The sense of touch, which is one of the most phenomenal
ways of receiving information, has led to a ubiquitous

need for several emerging applications, such as touch screens,
mobile communications, wearable electronics, prosthetic/
robotic skins, and virtual reality. For most of them, the
integration of novel pressure-sensitive components on a
mechanically flexible substrate is of utmost importance as
conventional solid-state and ceramic sensors are not preferably
suited because of their rigidity, dimension, bioincompatibility,
and expensive cost.1,2 Accordingly, polymers and rubbers have
been considered as the sensing materials for pressure
recognition, typically with organic-based transistors for use as
a switching matrix for data readout.2−5

Several types of flexible pressure sensors including piezo-
electric,6−9 resistive,2−4,10−15 and capacitive5,16−20 have been
reported. For piezoelectric pressure sensors, accumulation of
charges within piezoelectric structures can generate alternating
voltage potentials, which are rather sensitive to dynamic
pressure and attractive for energy harvesting. Resistive pressure
sensors that rely on resistance changes of piezoresistive
materials under applied force are relatively simple for read-
out circuitry but insensitive and unstable for low pressure
sensing. Capacitive pressure sensors measure capacitance
changes induced by space variation between two conducting
electrodes, which are somehow very relevant to operating
environments.
Recently, a few reports on nanomaterials combining flexible

substrates with desirable electrical and mechanical properties
have been conducted for flexible and transparent pressure

sensors.11−15,19−22 For instance, a laminated pressure-sensitive
rubber (serving as a tunable resistor) with active-matrix arrays
of semiconducting nanowire transistors on a polyimide or
polydimethylsiloxane (PDMS) substrate could detect a few
kPa;11 the same team has further demonstrated a user-
interactive electronic skin integrated with organic light-emitting
diodes for instantaneous pressure visualization.12 Spray-coated
conducting films of carbon nanotubes were employed with
stretchable parallel-plate PDMS capacitors as skin-like pressure
and strain sensors, presenting a minimum detectable pressure
of 50 kPa (equal to ∼510 gf cm−2).14 Stress-responsive
colorimetric sensors containing assembled gold nanoparticle
arrays were demonstrated by utilizing either metal-enhanced
fluorescence effect21 or plasmonic shift effect,22 which can be
affected by the plastic deformation of the surrounding polymer
matrix.
Although the above approaches are successful on flexible

substrates, the development of highly sensitive pressure sensors
dealing with low pressure values (i.e., < 10 kPa) still remains a
challenge.23 Here we present a new type of polymer capacitive
pressure sensors based on a dielectric composite layer of zinc
oxide (ZnO) nanowire and poly(methyl methacrylate)
(PMMA). The former owing to unique semiconductive,
piezoelectric and biocompatible properties has attracted
extensive attentions on opto/electronic, sensing, and energy
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harvesting applications. Recent efforts have revealed that a
piezoelectric potential can be created in the nanowire as a result
of elastic deformations produced by an external force.24,25 The
latter has often been employed as dielectric and supporting
films for organic electronics because of its good dimensional
stability, high optical transparency, biosafe properties, and low
cost processability on large areas by spin-coating. With respect
to their uniqueness, we hypothesize that a new type of dielectric
composites obtained through the addition of piezoelectric
nanowires into polymeric matrixes may result in enhanced
responses in capacitance for highly sensitive pressure sensing.
Our results show that an ultralight load of only 10 mg (applied
pressure ∼0.01 gf cm−2, ∼1.0 Pa) can be clearly recognized,
which is comparable with most high-performance polymer-
based pressure sensors.13,15,17

Figure 1 shows the processing steps for creating dielectric
composite layers of zinc oxide nanowire and poly(methyl
methacrylate) and schematic diagram of the ZnO-PMMA
capacitive pressure sensor (see the Supporting Information for
experimental details). The proposed sandwich-like capacitor
devices were fabricated on a transparent glass or a plastic
substrate (2 cm × 2 cm in size) and the employed dielectric
layer of ZnO-PMMA composite (mass ratio ∼0.05:1) was ∼40
μm in thickness performed by spin-coating. The sources of
ZnO nanostructures were synthesized by vapor phase
carbothermic reduction26 and the surface morphology and
lattice structure of as-grown ZnO nanowires were characterized
by high-resolution electron microscopy and X-ray diffraction.
Figure 2a shows the nanowires were ∼60−100 nm in diameter
and ∼5−7 μm in length and seen to be crystalline throughout.
A selected area electron diffraction pattern indicates that these
ZnO nanorwires were hexagonal-close-packed wurtzite struc-
tures (see inset). In Figure 2b, the spacing between lattice
fringes was measured to be ∼2.6 Å, which corresponds to the
distance between two (0002) planes, thus further confirming
the [0001] growth direction. Moreover, field effect transistors
based on ZnO nanowires were also fabricated, exhibiting typical
n-channel semiconductor behaviors (data not show here).

Prior to capacitance measurement, physical properties of the
ZnO-PMMA composite film deposited on plain glass substrates
have been verified. The dark-field image in Figure 3a shows that
the ZnO nanowires were nonpercolating, randomly distributed
in the PMMA host matrix. Figure 3b also shows a topographical
image of the composite film by tapping mode atomic force
microscopy, revealing that no nanowire was found on the
surface, with an average RMS roughness of ∼1.09 nm. Thus,
these nanowires were well embedded in the matrix. Further, the
measured optical transmission spectra for the glass substrates
with PMMA and ZnO-PMMA films in the visible range are
shown in Figure 3c. The average visible transmissions in the
380−780 nm wavelength range are ∼90% for the ZnO-PMMA
composite films, showing good optical transparency and
flexibility.
Subsequently we investigated the pressure sensitivity of

pristine PMMA layers and ZnO nanowire-PMMA composite
layers in a sandwiched metal-dielectric-metal capacitive
geometry, respectively. In Figure 4a, a small plastic cap
(weight: 0.1 g) was placed on the sensor surface, defining the
interacting area of ∼1 cm2. A fixed amount of water (0.1 g, ±

Figure 1. Schematic illustration of process flow for creating dielectric composite layers of ZnO nanowire and poly(methyl methacrylate) and
polymer capacitive pressure sensors.

Figure 2. Characteristics of as-grown ZnO nanowires. (a) SEM image
of as-grown ZnO nanowires with average length of ∼5−7 μm and
diameter of 60−100 nm (scale bar: 1 μm); the inset is a selected area
electron diffraction pattern of single-crystalline ZnO nanowires. (b)
TEM image of ZnO nanowires (scale bar: 200 nm); the inset is a high-
resolution image showing the spacing of ∼2.6 Å between two
crystalline planes, corresponding to [0001] growth direction (scale
bar: 4 nm).
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2.5%) was carefully loaded drop by drop into the cap from 0.1
to 10.0 g, by using a micropipette, and the measurements were
carried out during each interval. The plastic cap can also
separate those loads from the top gold contacts of the devices,
with the hope of minimizing unintended parasitic coupling
effect or friction force. The dielectric constant and initial
capacitance of ZnO-PMMA composite without applied
pressure was 6.38 and 90.42 pF, respectively. In principal, the
capacitance of a parallel-plate capacitor is proportional to the
spacing between conducting plates. Application of pressure on
the fabricated capacitive pressure sensors can thus result in a
shortened distance between these plates. Note that during
measurements no dielectric breakdown or capacitor leakage was
observed from these dielectric composite films, indicating that
the plates were not directly connected by ZnO nanowires with
or without applied pressure.
Figure 4b shows the change in capacitance ΔC/C0 versus

applied pressure P on the PMMA and ZnO-PMMA devices,
where C and C0 denote the capacitances with and without
applied pressure, respectively. Thus, the pressure sensitivity can
be correlated to the slope of each trace set of each tested
sensor. It is found that the pressure sensitivity of ZnO-PMMA
pressure sensors was substantially superior to those of pristine
PMMA sensors. When the applied pressure was <3.1 gf cm−2,
the extracted slope of ZnO-PMMA device (∼9.95 × 10−3 cm2

gf−1) was around 23 times higher than that of PMMA sensor
(∼0.43 × 10−3 cm2 gf−1), featuring a superb enhancement to

the application of static pressures. The inset in Figure 4b shows
the pressure responses for five consecutive measurements of
the same ZnO-PMMA capacitive pressure sensor; as a result,
very little variation was observed. Moreover, Figure 4c shows
the placing and removing behavior for the ZnO-PMMA sensors
after loading and unloading (weight: 1.6 g). Though operated
manually, the device demonstrates direct response to the
application of pressure. Note that when the applied pressure
>3.1 gf cm−2, there is a reduction in sensitivity from the ZnO-
PMMA sensors (Figure 4b). The slope dropped to ∼2.63 ×
10−3 cm2 gf−1, which is likely due to the increasing mechanical
resistance from the compressed composite film.
To further evaluate the capability of ZnO-PMMA capacitive

pressure sensors on detecting ultrasmall weight, we placed a
hollow plastic wrap (weight: 10 mg; contact area: 1 cm2; taken
from the package of a pencil eraser) as a lightweight container
on the device surface. In this way, a fixed tiny amount of fine-
grained powders (10 mg, ±3.6% preweighted by a digital
analytical balance scale) was carefully loaded into the container,
ensuring that those powders can spread over the entire contact
area. Notably, Figure 4d shows that the device can consistently
perceive the placement of each 10 mg tiny load in the range of
10 to 1000 mg. This corresponds to a very small pressure of
only 0.01 gf cm−2 (about 1.0 Pa). Though not optimized yet,
our device is fairly sensitive and comparable to the minimum
detectable pressures achieved in other reports with complicated
design: 5 Pa,13 9 Pa,15 3 Pa.17

Thereby, the enhancement in capacitance response to
applied pressure described above is clearly attributed to the
addition of ZnO nanowires into the PMMA matrix. The
dielectric and electrical properties of the composite as well as
the capacitance of the sensing devices would be a function of
the polymer matrix and nanowires. One of the scenarios we
suspect is the mechanical property of the composite films.
Hence, four random selected areas of each dielectric film have
been probed by a nanoindentation system. Figure 5a shows the
load−unload curves for PMMA and ZnO-PMMA films as a
function of the indentation depth that clearly illustrate
mechanical property differences between them. Figure 5b
shows their hardness-displacement curves and elastic modulus-
displacement curves. The extracted data of hardness and elastic
modulus of the ZnO-PMMA films are substantially larger than
those of pristine PMMA. The average hardness and elastic
modulus of ZnO-PMMA were found to be 0.32 and 10.4 GPa,
respectively, whereas the average values of PMMA were 0.26
and 6.5 GPa, respectively. As a result, these nanowires can
reinforce the mechanical strength of the composite films, giving
rise to a less elastic resistance with respect to pristine PMMA
films.
Moreover, we also anticipate that the typical piezoelectric (or

piezopotential) property of ZnO nanowires can be another
scenario. However, it is really challenging to prove the link
between capacitive pressure sensitivity and piezoelectric
nanostructures. For most piezoelectric effect measurements,
direct electrical contacts to piezoelectric materials are needed in
order to pass (and monitor) generated electrical signal; this is
not suitable to our capacitor-based system as the nanowires are
embedded in the polymer matrix. Though lack of direct output
electrical signal, we believe that the phenomenon of a
piezoelectric nanostructure becoming polarized (because of
its asymmetric crystal structure) in response to an applied stress
still exists. While these embedded piezoelectric nanowires are
subjected to an external force, the induced relative displace-

Figure 3. Physical properties of the ZnO-PMMA composite films. (a)
Dark-field optical image of ZnO-PMMA composite film, revealing
randomly distributed nanostructures in the polymer host (scale bar: 50
μm). (b) Topographical atomic force microscopy image of ZnO-
PMMA film where nanowires are well-embedded without disturbing
the surface morphology (scale bar: 1 μm). (c) Transmittance
measurements of (i) PMMA and (ii) ZnO-PMMA films in the UV−
vis−NIR range. The average visible transmissions for the latter are
∼90% (∼40 μm in thickness).
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ment of Zn+ cations with respect to O− anions in their
noncentral symmetrical tetrahedral cells may provoke more
distinctive charge separations (or electric dipoles), as illustrated
in Figure 6. Hence, the total charge capacity (and induced
electric field) of the dielectric film increases; and, the change in
capacitance in ZnO-PMMA composite film could thereby
enhance. To tackle this, we are currently on the way to figure

out the contributions of the thickness change and charge
redistribution to the total capacitance change. We concern that
the capacitance may not simply be a geometric property of the
capacitor but also affected by an additional effect from stress-
induced charge separation (or electric dipole). For in-depth
understanding of the above mechanism, further study will also
center on the effect of stress-induced charge distribution within

Figure 4. Characterization of capacitive pressure response of the ZnO-PMMA composite films. (a) Image of capacitance−voltage measurement of a
fabricated ZnO-PMMA pressure sensor of which a fixed amount of water was carefully loaded into the cap by using a micropipette. (b) Change in
capacitance ΔC/C0 versus pressure P (contact area: 1 cm2). Inset: Reproducibility test for five consecutive cycles. (c) Dynamic placing and removing
behavior (load weight: 1.6 g). (d) Ultrasmall weight detection test (contact area: 1 cm2): the device can reliably detect the placement of each 10 mg
load, corresponding to a pressure of only 0.01 gf cm−2.

Figure 5. Nanoindentation test of the dielectric composite films. (a) Typical load−unload curves for the PMMA and ZnO-PMMA films as a function
of the indentation depth, and (b) their hardness-displacement curves and elastic modulus−displacement curves, revealing the reinforced mechanical
properties from the ZnO-PMMA composite films.
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piezoelectric nanowire-polymer composites and its correlation
to capacitance change in different dielectric polymer hosts.
Experiments are also being conducted to optimize material and
device properties, and to examine the stability and reliability of
the capacitive pressure sensors under different operating
environment conditions.
In conclusion, this letter demonstrates a promising approach

for polymer capacitive pressure sensors by formation of a
dielectric composite layer containing ZnO nanowire and
PMMA. Measurement results show that the ZnO-PMMA
capacitive pressure sensors yield a significant enhancement in
pressure sensitivity, by a factor of up to 23, with respect to
pristine polymer sensors. Notably, an ultrasmall load of only 10
mg can be reliably recognized, which we believe is one of the
most sensitive responses reported to date for polymer-based
pressure sensors. This approach provides a simple, convenient,
and low-cost method for tiny load sensing, revealing the
potency and feasibility for flexible, touching, and sensing
applications.
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