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ABSTRACT: Sensing devices with wearability would open
the door to many advanced applications including soft
robotics, artificial intelligence, and healthcare monitoring.
Here, inspired by the configuration of the human epidermis,
we present a flexible three-dimensional (3D) cellular sensor
array (CSA) via a one-step thermally induced phase
separation method. The CSA was framed by the 3D cellular
electret with caged piezoelectric nanoparticles, which was
ultrathin (80 μm), lightweight, and highly robust. For
biomedical sensing, the 3D-CSA holds a decent pressure
sensitivity up to 0.19 V kPa−1 with a response time of less than
16 ms. Owing to its rigid structural symmetry, the 3D-CSA
could be identically operated from its both sides. It was demonstrated to successfully measure the human heartbeat, detect the
eyeball motion for sleeping monitoring, and tactile imaging. Mimicking the functionalities of the human skin with a self-
powered operation feature, the 3D-CSA was expected to represent a substantial advancement in wearable electronics for
healthcare.
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■ INTRODUCTION

With great potential of revolutionizing our way of living,
rapidly increasing research progress has been made in the field
of wearable electronics for healthcare monitoring.1−16 One
critical challenge identified in this field is how to power up the
functioning devices in the lightweight, flexible/stretchable
electronics system.17−19 To overcome the challenge, on one
hand, a flexible thin battery provides a potential solution.20−22

However, the flexibility and thinness requirement of the
battery largely compromise its electrochemical performance.23

Besides, made from toxic chemicals, safety is also another
serious concern for the wearable battery.24−26 On the other
hand, human body naturally contains plenty of biomechanical
energy. A sustainable power source could be realized if
technology could convert the human biomechanical motions
into electricity.27−29 Flexible nanogenerators and self-powered
electronics emerge to alternatively pave such a creative way to
solve the puzzle for the wearable electronics.30−40 However,
most current reports are not sufficiently thin and flexible to
accommodate to the human skin curvature. As a porous thin-
film material, cellular polypropylene (PP) electret with
favorable flexibility could directly generate electrical signals
in response to mechanical force by means of piezoelectric
effect, which offers an alternative strategy for either wearable

power generation or sensing.41−44 Bioinspired structral design
in sensing devices is desired but underexplored to realize a
harmonisous connnetion with human skin.45 In addition, most
of the reported wearable sensors can only effectivley operate
from one side of the device, which also places a challenge for
the demand of seamless, bidirectional interfaces for sensing.46

Herein, inspired by the human epidermis, we present an
ultrathin three-dimensional cellular sensor array (3D-CSA)
with a rigid structure/function symmetry via scalable
fabrication techniques for self-powered biomedical monitoring.
Constructed by the 3D cellular electret with caged piezo-
electric nanoparticles via a one-step thermally induced phase
separation (TIPS) method, the 3D-CSA was as thin as 80 μm,
and well conformable with the curved skin surface for
measurement. With a decent pressure sensitivity of 0.19 V
kPa−1 and a response time of less than 16 ms, the 3D-CSA was
demonstrated to perform human heartbeat measurement and
eyeball motion monitoring during sleeping, with identical
sensing performance from both sides. Given the combinatorial
advantages of low-cost, thinness, flexibility, structural symme-
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try, and scalability in the material synthesis and device
fabrication, the 3D-CSA is unique and represents a solid
advancement in the field of skin electronics for biomedical
applications.

■ EXPERIMENTAL SECTION
Preparing Cellular PP/PZT Composite Framework. Three

components, PP (30% weight ratio), mixed diluent [the weight ratio
of dibutyl phthalate (DBP) and soybean oil was 3:2], and lead
zirconate titanate (PZT) nanoparticles, were mixed in a three-necked
flask with one inlet for argon, another for the condenser, and a third
for the test thermocouple. The flask was placed on the hot plate at a
temperature of 463 K with a magnetic stirring speed of 500 rpm for
30 min. Then, the mixture was cooled down to room temperature
(RT) to yield a homogeneous solution. Next, the solidified mixture
was cut into small pieces and sandwiched by two slides of cover slips,
which was placed onto a hot plate at 463 K. The remained diluent in
the membrane was extracted by n-hexane for 24 h at RT and dried in
a vacuum oven at 313 K for 12 h to finally obtain the cellular PP/PZT
composite framework.
Polarization of the Films. The film was placed on the hot plate

at 323 K. The corona discharge was applied to one side of the sample
with a voltage of −18 kV for 60 s. The vertical distance between the
needle tip and the film was 4 cm. Another side of the electrode was
connected to ground while charging. Both electrodes were shorted
after the discharge treatment.
Characterization of 3D-CSA. The morphologies of the samples

were characterized by a field-emission scanning electron microscopy
(SEM, JSM-7001F). The applied external force was measured by a
force sensor (RF-Cx-ST). The output voltage signals of the sensor
were measured by a low-noise voltage preamplifier (Keithley-6514
system electrometer). The output current signals of the sensor were
measured by a low-noise current preamplifier (Stanford Research
SR570).

■ RESULTS AND DISCUSSION
Mimicked from the tridimensional epidermis of the human
skin, the 3D-CSA holds a sandwich structure consisting of one
functional layer and two electrode layers, as the illustration
shown in Figure 1. In order to obtain the features of
lightweight, thinness, biocompatibility, and low-cost, PP was
selected to construct a 3D cellular framework via the TIPS
method (Figure S1), and the piezoelectric PZT nanoparticles
were embedded and distributed at the cellular centers as the
functional layer. Two layers of copper with a thickness of 130
nm were respectively deposited onto both sides of the
functional layer as electrodes and protection layers, as

schematically shown in Figure 1a,b. A cross-section view of
the CSA via SEM is displayed in Figure 1c, which indicates
that the 3D cellular PP electret with embedded PZT
nanoparticles were structurally alike to the stratum spinosum.
Employing the ultrathin medical double tape as a uniform
adhesive layer to enhance the stability upon bending and
forming, the as-fabricated 3D-CSA device with a thickness of
80 μm is shown in Figure 1d, exhibited excellent conform-
ability that well accommodated to the skin curvature. As
discussed in the Experimental Section, the fabrication process
of the 3D-CSA is straightforward and compatible with possible
large-scale manufacturing. The working principle of the 3D-
CSA was elucidated in Figure 1e. To measure the applied
pressure with electrical signals, a first step was to polarize the
thin film under a high voltage of −18 kV, with a result that the
air in the gap of the cellular film was ionized and dissociated.
The polarization serves two purposes. First, it will engender
charges with opposite polarity on both sides of air bubbles.
Second, it will initiate the dipole orientation in the PZT
nanoparticles. Theoretically, the 3D-CSA can be simplified as a
multilayered structure with vertically aligned PP−piezoelectric
nanoparticle-filled air (PNPFA)−PP, the charge density on the
copper electrode σ0 can be expressed as (see the Supporting
Information Note 1 for detailed derivation)

D D/
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1

1 2
σ

ε σ

ε
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∑
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where ε is the relative dielectric constant of PP, n is the layer
number of PNPFA in vertical direction, and each layer of
PNPFA carries a total planner charge density of σi and −σi. D2
and D1, respectively, represent the total thickness of PNPFA
and PP between the bottom and top electrode. From eq 1, it
can be seen that the total charge density σ0 is directly
proportional to the amount of the charge density of each layer,
inversely proportional to the ratio of the thicknesses of PP and
PNPFA. Then, if the value of D1/D2 is changed under external
force, the device will have a potential difference between the
opposite electrodes. Once the external pressure was applied,
device deformation mainly comes from the inside air gap
because the Young’s modulus of solid media is several orders
of magnitude higher than that of air. Namely, the thickness of
PNPFA D2 will decrease, whereas D1 stays nearly constant.
The reduction of D2 will bring deformation into the embedded
piezoelectric nanoparticles, resulting in a reduction of charge

Figure 1. Structure design and working principle of the epidermis-inspired 3D-CSA. (a) Schematic illustration showing the structure of the human
epidermis. (b) Sketch of the 3D-CSA, mimicking the structure of the human epidermis. (c) SEM image showing the structure of a cellular sensor
unit, which is composed of the electret matrix and piezoelectric nanoparticles (scale bar: 2 μm). (d) Photograph of the ultrathin flexible 3D-CSA
with a thickness of 80 μm. (e) Illustration showing the working principle of the 3D-CSA.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b14514
ACS Appl. Mater. Interfaces 2018, 10, 41070−41075

41071

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b14514/suppl_file/am8b14514_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b14514/suppl_file/am8b14514_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b14514/suppl_file/am8b14514_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b14514


density on the bottom and top electrodes. As indicated in
Figure S2 and Video S1 (Supporting Information), at the
original stage I, without device deformation, the electric
potential between the top and bottom electrode of the 3D-
CSA is zero. When the device was compressed, the current
flows from the bottom electrode to the upper electrode, as
demonstrated in stage II. With further device deformation, the
charge density on the electrode of the 3D-CSA will decrease
until a new equilibration is established. Meanwhile, the
electrical potential difference between the bottom and top
electrode reaches the maximum value, as illustrated in stage III.
When the applied pressure withdrew, the 3D-CSA will return
to its original state owing to the elasticity of the PP framework,
the charge density on both electrodes of the 3D-CSA will
ascend, resulting in current flowing from the upper electrode to
the bottom electrode, as demonstrated in stage IV. As a
consequence, structurally mimicking from the human tridimen-
sional epidermis, the 3D-CSA could convert the touch force
into an electrical signal for biomedical sensing.
To create an electret-caged structure with filled piezoelectric

nanoparticles like a cell structure in the epidermis, a one-step
TIPS method (details in the Experimental Section) was used

for material synthesis and structure optimization, as exhibited
in Figure S3. The corresponding SEM image of the cellular PP
framework with 60% weight ratio of DBP is shown in Figure
2a. The 60% weight ratio was an optimized setting parameter.
A higher weight ratio of DBP will bring an enhancement of the
piezoelectric charges for better electrical output; however, the
higher DBP amount will also destruct the cellular structure and
result in current leakage. A detailed analysis of the impact of
the DBP amount on the device performance was elaborated in
the Supporting Information Note 2. An enlarged view of the
cellular structure indicates a hollow cell morphology. To
further enhance the performance , PZT nanoparticles with an
average size of 0.74 μm (Figure S4) were employed as the
caged piezoelectric nanoparticles to fill in the hollow of the
cells. As shown in Figure 2b, with the increase of the PZT
doping ratio, the intensity of peaks corresponding to PZT in
the composite film increases, indicating the ascent of
perovskite phases (Figure S5). In addition, the caged
composite with 30% weight ratio of PZT nanoparticles
exhibited the maximal electric output performance (Support-
ing Information Note 3). To affirm the optimized validity of
the electret-caged structure, a comparison of the voltage and

Figure 2. Device structure optimization. (a) SEM image showing the cross-sectional view of the cellular PP framework with 60% weight ratio of
DBP (scale bar: 25 μm) and the enlarged view of a cellular structure (scale bar: 2.5 μm). (b) SEM image showing the cross-sectional view of the
cellular PP framework with 30% weight ratio of PZT nanoparticles (scale bar: 25 μm) and an enlarged view of a cellular construction (scale bar: 2.5
μm). (c) Comparison of the voltage and current density of the CSA, the pressure applied on the sensor was 6.4 kPa. Black lines represent the
electric output of the cellular PP framework, whereas red lines represent the output of the optimized 3D-CSA.

Figure 3. Electrical and mechanical characterization of the 3D-CSA. (a) Measurement of the device sensitivity via current and voltage signals under
varying applied forces. (b) Short-circuit current density of the 3D-CSA upon a constant pressure. (c) Measurement of the response time of the 3D-
CSA. Tr represents the rise time. (d) Mechanical durability test. (e) Electric output of the device is very air-stable for more than 45 days in ambient
environment. (f) 3D-CSA can be operated from either side with identical electrical output.
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current density of the CSA was presented at a pressure of 6.4
kPa (Figure 2c), which indicates that voltage and current
density with structure optimization are, respectively, increased
by about 1.5 and 1.8 times than that of pure cellular PP.
The enhancement was mainly attributed to the synergistic
piezoelectric effects between the aligned dipoles in PZT
nanoparticles and ionization decomposition of the air in the
cellular PP framework.
In order to further characterize the performance of the as-

fabricated 3D-CSA, a series of tests were carried out. As shown
in Figure 3a, the 3D-CSA was tested under varying applied
forces, indicating an excellent sensitivity of 0.19 V kPa−1

compared with the reported results of its kind (Table S1).
At a constant pressure of 6.4 kPa, 3D-CSA attained an current
density of 11.9 nA cm−2, as demonstrated in Figure 3b. The
response time is another important parameter of the 3D-CSA
as a sensor, which was defined as the time period of current
density changing from 10 to 90% of its peak value. The rise
time Tr was shown in Figure 3c, indicating a response time of
less than 16 ms, which could assure the quick response of the
device to the external pressure for self-powered biomedical
sensing. In addition, to further investigate the mechanical
durability, the 3D-CSA was operated with a repetitive
extrusion force of 6.4 kPa for more than 4500 cycles, as
exhibited in Figure 3d. The current density amplitudes show
negligible changes during the test, which indicates a good
durability of the 3D-CSA. Besides, packaged with a medical
tape, oxidization of the electrode was well avoided, and the
electrical output of the 3D-CSA was kept constant after 47
days in the ambient environment, as shown in Figures 3e and
S6, demonstrating the high charge storage stability of the
device. Owing to its structure symmetry, the 3D-CSA can be
operated from either side with identical electrical output, as
shown in Figure 3f, which would unlock new strategies of
developing seamless, bidirectional interfaces between humans
and machines for advanced applications.
Owing to the compelling features of lightweight, thinness,

flexibility, and biocompatibility, the 3D-CSA can be easily
attached to the human skin of various body parts for self-
powered biomedical sensing, as the sketch exhibited in Figure
4a. Moreover, the 3D-CSA was composed of plentiful
mircroscale cellular sensor units, blood pressure induced
vessel expansion could be well delivered and perceived by
many of the sensor units for reliable and accurate sensing. To
demonstrate its capability, three sets of practical applications
were demonstrated. First, the 3D-CSA was tightly attached to
the human carotid artery with ultrathin medical double tape to
measure the human heartbeat during physical exercise for
healthcare monitoring, as shown in Figure 4b. The tester
exhibited a heartbeat rate of 73 times per minute at rest and 92
times per minute after running (Video S2). And the larger
pulse amplitudes and higher frequencies were clearly indicated
in the heart rate waveform after 30 min running. Second, as
exhibited in Figure 4c and Video S3, the 3D-CSA is so soft and
conformable that it can detect the eyeball motion when
attached to the human canthus. During one slight wink, the
generated electrical singnal comprises of three main parts,
labeled as preparatory stage (A), eye-closed stage (B), and
goggle stage (C). It is highly subjected to the eyeball motion
state, which could be used either for sleeping disorder
diagnosis or triggering signals to warn the driver with fatigue.
In addition, the 3D-CSA can also be applied for self-

powered tactile imaging. As shown in Figure 4d and Video S4,

3 by 3 units of the 3D-CSA were fabricated to monitor the
local touching action of fingers. The generated electrical signals
were acquired and displayed via LabVIEW programming.
When a random unit was touched (Figure 4d1), current signals
were generated, as shown in Figure 4d2. To scale up, nine
different positions on the array were pressed by a square plate
(area: 0.8 × 0.8 cm2), and the current remained stable with
negligible fluctuation (Figure S7). Moreover, the gener-
ated electric signals of the 3D-CSA could be used to express
the applied pressure via visualizing it in the forms of color
change (Figure 4d3) and on/off switch (Figure 4d4) of a square
LED in the Labview.

■ CONCLUSIONS
In summary, inspired by the human epidermis, an ultrathin,
biocompatible, and highly sensitive wearable sensor was
developed based on the 3D cellular electret with caged
piezoelectric nanoparticles for self-powered biomedical mon-
itering. Via a one-step TIPS method, the 3D-CSA could be
massively produced. Owing to the rigid symmetric structure,
the 3D-CSA was demonstrated to measure the human heart-
beat, monitor eyeball motions, and perform active tactile
imaging . The 3D-CSA represents a solid advancement in the
field of skin electronics, which may unlock new applications in
the fields of healthcare monitoring, artificial intelligence, and
human computer interface.
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Figure 4. Demonstration of the 3D-CSA array for wearable
biomedical monitoring. (a) Schematic illustration showing that the
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monitoring. (b) 3D-CSA measures the human heartbeat. (c) 3D-CSA
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monitoring the local gentle touching of human fingers.
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