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ABSTRACT: Sensors with multifunctions have attracted
great attention for their extensive application value, among
which humidity sensing and pressure sensing are necessary to
electronics undoubtedly because of the complex physical
environment we live in. Inspired by the structure of skin, in
this article, we design a new method to combine wrinkle
structure with porous sponge structure and achieve a novel,
flexible, compressible, and bifunctional sensor based on
carbon nanotube�polydimethylsiloxane (CNT�PDMS)
with functions of humidity sensing and pressure sensing.
The performance of the humidity sensing part can be
controlled by the ultraviolet and ozone (UVO) treatment
time and CNT concentration, while the sensitivity of the
pressure sensing part can be controlled by the CNT concentration and grinding time of sugar granules. The bifunctional sensor
can easily sense approaching and touching of a hand, which shows great potential of alarming and protecting some electronics.
Moreover, the bifunctional sensor can also be used in detecting human joint motions and breath conditions as a wearable and
flexible health monitor.
KEYWORDS: skin-inspired bifunctional sensor, wrinkle-on-sponge structure, humidity and pressure sensing, robots’ skin,
health monitor

1. INTRODUCTION
With the development of smart electronics, sensors capable of
detecting external changes and stimuli, such as mechanical
force,1�6 temperature,7�9 humidity,10�12 light,13 and gas,14�17

are becoming more and more important. Among them, humidity
and pressure are two of the basic sensing items. On the one hand,
humidity sensing is extremely important for electronics because
high humidity environment makes them to rust easily or even
causes a short circuit, which significantly affects the performance
of the devices.18�20 On the other hand, pressure sensing enables
electronics such as robots with functions of sensing touch and
force just like humans.21,22 Therefore, various sensors with a
single function of humidity sensing or pressure sensing were
investigated and developed. Chen et al. utilized carbon
nanotubes and Nafion to fabricate composite humidity sensing
films which can measure low humidity sensing.23 Yoo et al.
realized a resistive-type relative humidity (RH) sensor based on
plasma-treated multiwalled carbon nanotube/polyimide com-
posite films and successfully explained that different carbon
nanotube (CNT) concentrations resulted in different trends of
resistance.24 Gong et al. utilized ultrathin gold nanowires (NWs)
to realize a wearable and highly sensitive pressure sensor.25 All of
them reported a monofunctional sensor with great performance,
but there is still potential improvement in these sensors when

applied in a much more complex environment, so there remains
space to study how to integrate these two types of sensing
functions in one device.

To realize a bifunctional soft sensor, materials and internal
structures are crucial. One-dimensional (1D) nanomaterials
such as gold NWs and carbon nanotubes have unique
advantages in the design and fabrication of soft electronics
such as extremely large aspect ratio, which not only offers very
high surface areas for electrochemical reactions but also makes
them easy to form a percolation network.26 Zhai et al. reported
an intrinsically stretchable three-dimensional mushroom-like
standing gold NW electrode to detect both glucose and strain
with high performance.27 He et al. utilized polyvinylidene
fluoride (PVDF) and T-ZnO nanostructures to fabricate a
flexible self-powered e-skin with functions of tactile perception,
atmosphere detection, and self-cleaning.28 Compared with Au
NWs, PVDF, and T-ZnO nanostructures, CNTs, which also
possess high conductivity but are more cost-effective, are a good
candidate for fabricating bifunctional soft sensors.

Received: August 24, 2019
Accepted: September 26, 2019
Published: September 26, 2019

Research Article

www.acsami.orgCite This: ACS Appl. Mater. Interfaces 2019, 11, 39219�39227

© 2019 American Chemical Society 39219 DOI: 10.1021/acsami.9b13383
ACS Appl. Mater. Interfaces 2019, 11, 39219�39227

D
ow

nl
oa

de
d 

vi
a 

PE
K

IN
G

 U
N

IV
 o

n 
M

ay
 1

3,
 2

02
0 

at
 0

2:
42

:5
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b13383
http://dx.doi.org/10.1021/acsami.9b13383


As for the structural design, Nakata et al. reported a novel
wearable multifunctional health care device that can detect
sweat pH and skin temperature by integrating two independent
sensing parts onto one piece of PET film.29 Such a method is
simple, but the integration is low and requires larger area for the
device. Skin, as a highly integrated multifunctional “sensor” of
most mammalian animals including human beings, possessing
different kinds of functions such as humidity sensing, temper-
ature, and touch sensing, has a complex and unique structure.
From a physiological point of view, mammalian skin is
composed of two primary layers�epidermis and dermis,
where a variety of microreceptors are densely packed.30 At the
epidermis, the wrinkle structure increases the sensing area.
Dermis has a composite matrix structure formed by collagen,
elastic fibers, and extrafibrillar matrix, containing micro-
mechanoreceptors that provide the function of touch sensing.31

Inspired by skin, we fabricated a bifunctional sensor with
wrinkle-on-sponge structure for humidity and pressure sensing
by using a carbon nanotube�polydimethylsiloxane (CNT�
PDMS) composite. The bifunctional sensor shows great
flexibility and compressibility. The wrinkled CNT�PDMS
works as a humidity sensor and the sensitivity can be well
controlled by the CNT concentration and ultraviolet and ozone
(UVO) treating time. Besides, the porous CNT�PDMS sponge
works as a pressure sensor and the sensitivity can also be
controlled by the CNT concentration and grinding time of sugar
granules. The bifunctional sensor can enable an artificial hand
with the ability to sense some actions of humans like hands
approaching and touching, which works as an alarm and also
detects external force. Meanwhile, it can be used as a human
health monitor to detect some joint motions and breath
conditions while involved in some sports.

2. EXPERIMENTAL SECTION
2.1. Fabrication Process for CNT�PDMS Networks. The

CNT�PDMS network was fabricated by mixing multiwalled carbon
nanotubes (Boyu Co., China) with polydimethylsiloxane (Sylgard 184,
Dow Corning Corporation). The length of CNTs was about 10 �m, and
the quantity ratio of PDMS base solution to curing agent is 10:1. The
mixing process was implemented by using a magnetic stirring apparatus
for about 4 h. To improve the homogeneity of mixing CNTs with
PDMS, toluene was introduced into the mixture, which makes colloidal
PDMS more diluent and fluent in the stirring process.

2.2. Fabrication Process for Wrinkle-on-Sponge Structure.
First, the prepared CNT�PDMS mixture was poured onto the glass
substrate and heated at 65 °C for 2 h, and the thickness of this CNT�
PDMS layer was about 100 �m. Second, sugar granules were added into
the CNT�PDMS mixture and homo-dispersed by a magnetic stirrer for
1 h. The sugar�CNT�PDMS mixture (SCPm) was then poured onto
the cured CNT�PDMS layer on the glass substrate and heated at 50 °C
until the curing of the SCPm to form a dual-layer structure�CNT�
PDMS�at the top and SCPm at the bottom. After that, the sugar
granules were reversed by immersing in a hot water bath, which led to
formation of a porous structure in the SCPm with the dissolution of
sugar granules. Next, we peeled off CNT�PDMS from the glass
substrate, stretched it for about 30%, and carried out UVO treatment on
it. Finally, the stretching strain was released, and a wrinkled CNT�
PDMS structure was obtained above the porous structure. The two
pieces of a copper tape with a distance of 1 mm were used as two
electrodes on the wrinkled surface.

2.3. Characterization Setup. The UVO treatment was conducted
using a commercial ultraviolet lamp (Hangzhou Yaguang lighting Co.,
Ltd, Zhejiang, China). The structure and morphology of the wrinkle
structure and porous sponge structure were characterized by using
scanning electron microscopy (SEM, Quanta 600F, FEI Co.). The
optical photos of the wrinkle surface and testing water drop were
characterized by using microscopy (Eclipse E200, Nikon Co.). Water
contact angle measurements are recorded by the contact angle
measurement system (OCA 30, Data Physics Instruments GmbH).

3. RESULTS AND DISCUSSION
Figure 1a shows the illustration of the sensor where the wrinkled
CNT�PDMS layer is fabricated on the porous CNT�PDMS
sponge, which is similar to human skin. Figure 1b shows the
basic working principle of humidity sensing of wrinkled CNT�
PDMS. The resistance of CNTs and the junction between
CNTs change because of absorption of water molecules. In
Figure 1c, the circuit of porous CNT�PDMS as a pressure
sensor is shown, and the resistance is influenced by an applied
force.

3.1. Fabrication and Characterization. The basic
fabrication process can be divided into two parts: fabrication
of conductive CNT�PDMS and fabrication of a wrinkle-on-
sponge structure (see Figures S1 and S2 in the Supporting
Information). The internal diameter, external diameter, and
length of CNTs are 5�10 nm, 10�20 nm, and 10�30 �m,
respectively. Such CNTs are more suitable for mixing with
PDMS considering the trade-offs between the fluidity and

Figure 1. (a) Mature human skin-inspired CNT�PDMS with composite structure: wrinkle at the top and porous sponge at the bottom. (b) Illustration
of a circuit of wrinkled CNT�PDMS as a humidity sensor. (c) Illustration of a circuit of porous CNT�PDMS as a pressure sensor.
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conductivity of the mixture in the experiment. The dissolution of
sugar granules results in a porous structure of CNT�PDMS,
which enhances the stretchability of the substrate because
stretching and releasing processes are needed for wrinkle
fabrication. The UVO treatment will lead to a regular stripe-like
wrinkle pattern on the surface and forms a wrinkle-on-sponge
structure. More experimental details can be found in
Experimental Section.

Two types of microstructures are shown in Figure 2. Figure
2a,b shows the SEM images of the wrinkle-on-sponge structure.
Figure 2c,d shows the optical photos of the sensor which show
great flexibility and compressibility. Figure 2e�h shows that the
wavelength of the wrinkle structure ranges from 18 to 52 �m
(the wavelength of each is about 18, 25, 35, and 52 �m,
respectively), which depends on the plasma time in wrinkle
fabrication (the plasma treating time of each is 45, 60, 75, and
120 min, respectively). Figure 2i�l shows that the diameter of
the porous sponge structure ranges from 50 to 500 �m (the
diameter of each is 500, 200, 100, and 50 �m, respectively),
which depends on the grinding time of sugar granules (the
grinding time of each is 0, 1.5, 3, and 6 s, respectively).

3.2. Wrinkled CNT�PDMS-Based Humidity Sensing. In
Figure 3a, it can be seen that the initial resistance of the CNT�
PDMS composite polymer is a function of CNT concentration
at room temperature. High CNT concentration results in the
lower initial resistance of CNT�PDMS, which is demonstrated
by previous works.32,33 The different CNT concentrations result
in two trends of humidity sensing, as shown in Figure 3b. To
demonstrate it, all samples were treated with plasma for 60 min.
When the CNT concentration is relatively low (0.3 and 1 wt %
CNTs were used in the experiments), the resistance decreases
with the increase of RH. In contrast, while the CNT
concentration is relatively high (3 and 7 wt % CNTs were
used in the experiments), the resistance increases with the
increase of RH. The overall resistance of the composite wrinkled
CNT�PDMS can be considered as

R R R
wrinkle

CNT
wrinkle

CNT CNT� �= + �
(1)

where RCNT and RCNT�CNT represent pure resistance of CNTs
and contact resistance of CNTs, respectively. The resistance
change can be attributed to these two parts.

High CNT concentration leads to a large number of CNT�
CNT connections, which makes the contact resistance the main
factor in resistance change. The increasing water molecules not
only reduce the connections of CNTs exposed on the wrinkle
surface but also make CNT�PDMS swell. Such swelling
enlarges the polymer chain matrix, reducing the CNT�CNT
connections in the wrinkled structure and further weakening the
conductivity of contact resistance of CNTs. While the CNT
concentration is low, the change of pure resistance of CNTs
plays a leading role. When water molecules are absorbed by the
wrinkled surface, hydronium ions can be produced as charge
carriers through an ionized process when an electrostatic field is
applied to the two electrodes.34,35 The resistance of the
hydronium ions decreases the electrical conductivity of CNTs,
which behave similarly to p-type nanomaterials. As for a
humidity sensor, high CNT concentration leads to less initial
resistance change, which can be easily influenced by the
surrounding noise. Although the curve is more linear than that of
low CNT concentration, the sensitivity is lower than that of low
CNT concentration in some humidity ranges, as shown in
Figure 3c. Besides, with the increase of working temperature, the
initial resistance of CNT�PDMS decreases, which influences
the humidity sensing behavior (see Figure S3 in the Supporting
Information). The sensitivity of the sample under high working
temperature is relatively low, but the trend of resistance change
is still the same.

Introducing a wrinkle structure onto CNT�PDMS has some
unique advantages. The wrinkle structure supports a more
hydrophilic and anisotropic wetting surface and enlarges the
surface wetting area, which enhances the humidity sensing
performance. Meanwhile, it does not change the resistance of
the CNT�PDMS surface (see Figure S4 in the Supporting
Information).

In Figure 3d, it can be seen that the contact angle of wrinkled
surface decreases with the increase of UVO treating time.
Meanwhile, the wavelength of stripe-like wrinkle increases with

Figure 2. (a,b) SEM images of wrinkle-on-sponge structure. Scale bars, 500 �m. (c,d) Optical photos show the flexibility and compressibility of the
sensor with wrinkle-on-sponge structure. Scale bars, 1 cm. (e�h) SEM images of the stripe-like wrinkle structure with different wavelengths on the
surface. Scale bars, 100 �m. (i�l) SEM images of the porous sponge structure with different diameters. The white box in each image shows the sugar
granules with different diameters. Scale bars, 500 �m.
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hf, the thickness of the stiff layer, increases and thus the
wavelength of stripe-like wrinkle also increases, as shown in
Figure 3d. The increasing wavelength and amplitude increase
the ratio of real surface area to projected surface area, thus

enhancing the hydrophilicity of the surface. Moreover, the
UVO-caused stripe-like wrinkle structure also influences the
shape of the water drop while in contact with the surface. Yang et
al. have demonstrated the anisotropic wettability of a liquid

Figure 4. (a) Photos of experimental testing by applying normal forces. (b,c) Response performance of CNT�PDMS with porous sponge structure.
(d) Effect of CNT concentration on piezoresistive performance. (e) Enlarged curves at low-pressure region. (f) Enlarged curves at high-pressure
region. (g) Effect of grinding time of sugar granules on piezoresistive performance and comparison between samples with and without porous
structure. (h) Enlarged curves at the low-pressure region. (i) Enlarged curves at the high-pressure region. (j) Performance of the sensor under repeated
pressure. (k) Performance of the sensor with various frequencies of pressure. (l) Real-time resistance change of the sensor under different pressures
with various humidity environments. (m,n) Stability of the sensor after 10 000 bends and compressions.
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larger hole totally collapses and Young’s modulus can be
observed as Es. The compress stress concentration is exhibited at
the CNT�PDMS polymer itself but not at the hole, while the
smaller hole is still in the process of bending; thus, the sensitivity
of the CNT�PDMS sponge with a larger hole decreases, which
is less than that of porous CNT�PDMS with a smaller hole, as
shown in Figure 4i. At the high-pressure region (more than 3
kPa), the sensitivities of the samples with grinding times of 0,
1.5, and 3 s are 0.003, 0.007, and 0.02 kPa�1, respectively.

Figure 4j shows the performance of the sensor under various
repeated pressures. The porous CNT�PDMS works stably as a
pressure sensor under the repeated pressures of 0.5, 0.8, and 1.5
kPa. Figure 4k shows the response of the sensor with various
frequencies of pressure. The sensor responses quickly under the
pressure of 1 kPa with frequencies of 5, 2, and 1 Hz. As a
bifunctional sensor system, the pressure sensor should work at
different humidity environments. In Figure 4l, the real-time
resistance changes of the pressure sensor can work well at RH
conditions of 20, 53, and 83%. Though the wrinkled CNT�
PDMS layer on the surface and the hydrophobic surface of
porous CNT�PDMS well avoid the percolation of water, at the
high humidity environment, the water still reduces the resistance
of the porous CNT�PDMS because the water percolates
through the sponge from the side wall. Figure 3h shows the
repeatability of the pressure sensing property of the sensor after
10 000 bends and compressions. The samples of porous CNT�
PDMS fabricated with 1% concentration of CNTs and sugar

granules by grinding for 1.5 s were tested for the results shown in
Figure 4j�n.

4. APPLICATION
Human skin integrates several kinds of sensors under the visible
appearance, which helps us to sense almost everything in the
daily life. When some organisms such as a human hand get closer
to our skins, we can perceive changes in the surrounding
environment, such as humidity. Furthermore, when it finally
touches the skin, the microreceptors in the dermis with the
function of mechanical stimuli sensing allow humans to feel the
external pressure such as touching. These series of sensing are
easy and common to humans. However, to any inanimate object,
for example, robots, perceiving a hand approaching and
touching itself is a challenging problem. The novel flexible and
compressible bifunctional sensor based on CNT�PDMS with a
wrinkle-on-sponge structure can solve the above problem.

In the experiment, an artificial arm of the robot was chosen as
the test object and the sensor successfully helps it to achieve a
similar “feeling” as an alarm device to detect sensing of a hand
approaching and touching. A 5 × 5 sensor array was fabricated
via fixing sensors onto the ecoflex film. Because of the flexibility
of the sensor itself and the adhesion of the ecoflex substrate, the
sensor array can be easily affixed to the appearance of the
artificial hand (see Figure S7 in the Supporting Information).
When a hand approaches, the humidity near the hand improves
and changes the resistance of wrinkled CNT�PDMS on the
sensor’s surface, playing an early warning role, as shown in

Figure 5. (a) Humidity sensing for hands approaching. The resistance decreases sharply with the hand approaching and increases with the hand
moving away. (b) Pressure sensing for hands touching. The resistance changes with applying pressure quickly. (c) Schematic illustration of the sensor
array. (d,e) Sensor array for sensing force. (f) Sensor fixed on a human knee joint or integrated with a mask works as a flexible health monitor. (g)
Different resistance changes between normal high knee holding (black) and too high-level knee holding (red). (h) Detecting various breath states: slow
breath (black) and quick breath (red).
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Figure 5a. When the hand touches the sensor array, the
piezoresistive and porous CNT�PDMS sponge works and the
resistance decreases quickly and recovers its initial value when
releasing the pressure, as shown in Figure 5b. Figure 5c�e shows
that the sensor array can recognize force such as a human hand,
which further improves the recognition ability to the
surrounding environment of robots. The surface wrinkle
structure will not be destroyed even after 2000 cycles of
human hand touching, which means the reliability of the sensor
array is guaranteed (see Figure S8 in the Supporting
Information).

As for human health monitoring, sensors are required to be
flexible, weightless, or even self-powered.43,44 The flexibility and
weightlessness of the bifunctional sensor make itself even be
easily fixed on human knee joints or integrated with a mask.
Being integrated with power units such as a fabric-based
triboelectric nanogenerator, conducting lines, and micro-
computing chips, this sensor can work as a flexible health
monitor, as shown in Figure 5f. Holding high knees is one type of
the most common and popular trainings which enhances the
strength of legs and joints. However, excessive high-knee
training, for example, holding knees too high, may cause
ligament and muscle injury. As shown in Figure 5g, the
bifunctional sensor can detect how human holds his knees high
via piezoresistive sensing because it receives external pressure by
muscles around the knee joint. The very low resistance is a
warning that knees remain too high, which may lead to injuries.
In addition, the sensor integrated with a mask can be worn to
detect the breath condition. According to Figure 5h, the quick
breath will lead to higher frequencies of the resistance change
compared to slow breath, and the curve of resistance change is
more regular than that of slow breath. The quicker the breath is,
the humidity changes more frequently in the relatively airtight
space of the mask.

5. CONCLUSIONS
In summary, by mimicking the structure of skin, we have
fabricated a bifunctional (humidity and pressure sensing) sensor
based on CNT�PDMS with a wrinkle-on-sponge structure.
CNT�PDMS is used as a conductive wrinkle substrate and
materials for porous sponge. By innovatively designing the
fabrication process of two structures, the wrinkle-on-sponge
composite structure can be realized, which enables sensors with
bifunctions: humidity sensing and pressure sensing. We find that
low CNT concentration leads to a negative relationship between
resistance of wrinkled CNT�PDMS and humidity, while at the
relatively high CNT concentration, the resistance increases with
the increase of RH. The UVO treatment controls the wrinkle
structure and improves the hydrophilicity of the surface,
resulting in better humidity sensing performance. As for pressure
sensing, the porous sponge structure is used to enhance the
sensitivity of CNT�PDMS. The CNT concentration has a great
influence on the performance of pressure sensing. The lower the
CNT concentration, the higher the sensitivity we obtain. The
difference in the size of sugar granules also results in different
sensitivities, and the sugar with the diameter of 500 �m is an
optimal choice. The bifunctional sensor can enable an artificial
arm with the function of sensing the approaching and touching
of a hand, which guarantees normal working of electronics.
Moreover, the sensor can also be used in detecting human joint
motions and breath conditions just as a flexible and wearable
health monitor, showing extensive application value.
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