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abstract
Portable and flexible pressure sensors with highly sensitive and small size have great potential applications in areas such as wearable electronics, environmental monitoring, and
medical equipment. Here, we demonstrate an integrated self-powered pressure sensing
system made of a passive resistive pressure sensor and a triboelectric nanogenerator. Based
on wrinkled and flexible polydimethylsiloxane films, the whole device is of sandwich structure with ultrahigh sensitivity to pressure (204.4 kPa−1 ), which is more than one order of
magnitude higher than all previously reported flexible pressure sensors. And our system
exhibits a very low detection limit, rapid response time, and long-term stability. In addition, we built a self-powered, portable visualization system for semi-quantitative analysis
of pressure, which can directly convert a pressure information to visual display.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Highly sensitive, cost-effective, flexible and portable
pressure sensors hold an essential position in the development of artificial sensing system. So far, pressure sensors
have been reported based on various detection mechanisms, such as resistive [1–9], capacitive [10–12], piezoelectric [13–15], optical [16,17], and triboelectric [18,19].
Among these, resistive pressure sensor (resis-sensor) is
used more frequently due to its significant advantages of
high sensitivity and rapid response. And it has an excellent
performance in monitoring continuous pressure. A common drawback of this type of sensors is that a power source
is required for their operation. Most recently, the triboelectric nanogenerator (TENG) [20] has been invented as
a promising energy harvesting technology and used for
self-powered pressure sensing [18,19]. Even more enticing,
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TENG operates as a sensor using the electric signal generated by itself without applying an external power source,
named as active sensor [21]. This kind of active pressure
sensor is very sensitive to the pulse pressure. Moreover,
it can be easily assembled into a sensor array for selfpowered positioning and imaging [19,22–25], although its
sensitivity needs to be further improved. With the development of microelectronics and nanotechnology, the
power consumption of the resistive pressure sensors gradually reduce, which is beneficial to be powered by energyharvesting devices [8], such as TENG. Therefore, it might be
a feasible way to overcome the shortcomings of these two
kinds of pressure sensors through integrating the resissensor and TENG into a single device.
In recent years, owing to its simplicity, cost-effectiveness, flexibility, stretchability, and the ability to be
patterned in large areas, surface wrinkling on polydimethylsiloxane (PDMS) has received special attention
as a key technology for various future applications, such
as optical switching devices [26,27], tunable diffraction
gratings [28–30], tunable microfluidics [31,32], microcontact printing masters [33,34], and flexible electronic devices [35,36]. Additionally, it has been proven that the
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Fig. 1. Schematic diagram of the integrated self-powered sensing system. (a) The integrated self-powered sensing system composed of four parts: TENG,
energy storage unit, sensors and display unit. (b) A typical case of self-powered pressure sensing system through the combination of TENG and passive
resistive pressure sensor together.

microstructured PDMS can apparently improve the performance of TENGs and flexible pressure sensors [7,10,12,18].
Despite the superior properties of the wrinkled PDMS, to
date, it has not yet been used in designing TENGs and flexible pressure sensors.
Here, based on the wrinkled and flexible structure, we
devised an ultrasensitive self-powered pressure sensing
system, by innovatively integrated the resis-sensor and
TENG into a signal device. The wrinkled PDMS employed
in the present work effectively improves the electrical output performance of the TENG and the sensitivity of pressure sensors. The whole sensing system exhibits excellent
performances of ultra-high sensitivity, very low detection
limit, rapid response time, and long-term stability. Combining a display unit, we further built a portable visualization pressure sensing system, which is able to convert the
pressure information to visual display directly. We anticipate that this self-powered sensing system could be expanded to other types of self-powered sensors, such as gas
sensor, ion sensor, biosensor, and multifunctional sensing
might be realized. This work greatly promotes the development of self-powered system, and lays a solid foundation
for establishing the future self-powered sensing network.
2. Result and discussion
Concept of the self-powered sensing system. The concept of our integrated self-powered sensing system is
illustrated in Fig. 1(a). Firstly, the TENG can be used as selfpowered active sensors. In the same time, it harvests different kinds of energy from the environment and stores it in
the energy storage unit. Then the collected energy is used
to drive the other passive sensor. These two kinds of sensors can work simultaneously and complementarily. The

magnitude of detection parameters will be revealed in the
display unit. Fig. 1(b) shows a typical example of our selfpowered sensing system through the combination of active
triboelectric pressure sensor and passive resistive pressure
sensor together. The basic working principle of this system
is composed of three modes: (1) the upper part is the ultrasensitive resis-sensor with low operating voltage, which
is suitable for continuous monitoring of pressures. But it
can work only under the drive of a power source. (2) The
lower part is a high-performance TENG for harvesting the
environmental energy, and this generating power can be
used to drive the resis-sensor. (3) The TENG can be used
as a self-powered active pressure sensor, which is suitable to detect the pulsing pressure. Note that the AgNWs
and ITO electrodes in the middle layer are connected with
each other, constructing an integrated electrode, and these
two parts share the middle electrode together, which effectively improves the operating facility of the device. With
such a sandwich structure, the device can choose to work
in proper mode, depending on different requirement.
Fabrication and characterization of the device.
Fig. 2(a) illustrates the fabrication process of the ultrasensitive self-powered pressure sensing system. The wrinkled carbon nanotube-polydimethylsiloxane (CNT-PDMS)
and PDMS were fabricated by mechanical stretching the
CNT-PDMS and PDMS films, followed by ultraviolet-ozone
(UVO) exposure and strain release. Fig. 2(b) and (c) are
SEM images (top, and side view, respectively) showing
the detailed microstructure of the wrinkled PDMS film
constructed with plenty of parallel wrinkles. The wrinkle wavelength is ∼30 µm, and the wrinkle amplitude is
∼10 µm. The optical microscope image shows the surface topography of the wrinkled PDMS with large area (Fig.
S1), indicating that the surface wrinkles are very uniform,
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Fig. 2. Fabrication and characterization of the ultrasensitive self-powered pressure sensing system. (a) Schematic of the fabrication of the self-powered
pressure sensing system. (b,c) SEM images of the wrinkled PDMS: top (b) and side views (c), respectively. (d) SEM image of the wrinkled CNT-PDMS, inset
is the photograph of the dual-mode active pressure sensor. (e) SEM image of AgNWs transferred on PDMS film, inset is a high magnification SEM image of
AgNWs.

which is suitable for large-area fabrication. Fig. 2(d) is an
SEM image of the wrinkled CNT-PDMS film, revealing regular wrinkled microstructures of the same feature size but
rougher surface compared to the wrinkled PDMS. These
patterned microstructures with numerous wrinkles can effectively increase the contact sites for the following pressure sensing device. Hence it is beneficial to improve the
sensitivity of our system.
Additionally, we used silver nanowires (AgNWs) film
and indium tin oxide (ITO) layer as the intermediate twosided electrode. A thin PDMS film was spin-coated on an
ITO-coated PET substrate, then the AgNWs film was transferred from the filter to the cured surface of the PDMS
film. Surface structure of the AgNWs/PDMS film is shown
in Fig. 2(e). The high magnification SEM image (inset of
Fig. 2(e)) shows that the average diameter of AgNWs is
100–200 nm. It can be clearly seen that a part of AgNWs
are buried into the PDMS surface and all AgNWs are interconnected with each other forming a three-dimensional
(3D) AgNWs network. The AgNWs/PDMS film is flexible
with excellent conductivity (R ∼ 3.9 , Fig. S2). Then the
processed CNT-PDMS film was deposited with Au on its
outer surface as an electrode layer, and placed onto the AgNWs side of the intermediate electrode face to face to form
the resis-sensing part. In addition, the processed PDMS
film was adhered onto another ITO-coated PET film. And
the TENG part was constructed by putting the wrinkled
PDMS/PET/ITO film onto the middle ITO electrode face to

face, with a PDMS spacer layer between the two triboelectric surfaces. The size of the fabricated device is 3 cm × 3 cm
with a sandwich structure (inset of Fig. 2(d)).
Sensing mechanism and response of the resissensor. The sensing mechanism of the resis-sensor is due
to pressure-dependent change in effective contact area
between wrinkled CNT-PDMS and 3D structured AgNWs
thin films. Compared to a bulk rigid planar mental, 3D
structured AgNWs thin film has large specific surface area
and excellent conductivity. Furthermore, the elasticity of
PDMS facilitates the contact between these two films,
imparting ultra-high sensitivity and reproducible sensing
characteristics to our sensor. When applying an external
pressure, the pressure-induced deformation increased the
contact area of the wrinkled CNT-PDMS and 3D AgNWs
thin films. This would cause the sensor to experience a
decrease in resistance, leading to an increase in current in
a constant voltage (0.1 V). When the external pressure was
removed, the two films recovered to their original shapes.
This leads to a decrease of contact area between the two
films, therefore, causing a decrease of the current. Note
that the sensor operating voltage of 0.1 V is sufficiently
low to allow for powering by TENGs, thus enabling the
integration of self-powered sensing system.
To measure the response of the resis-sensor, we designed a home-made system containing a computercontrolled stepping motor and a force sensor (Fig. S3). The
resis-sensor was fixed on a flat plate under the force gauge,
and cyclic external pressures were applied by a stepping
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Fig. 3. Electromechanical response of the resis-sensor. (a) The real-time measurement of the relative change of current with cyclic and variable pressures
applied on the resis-sensor. The highlighted region indicates one cycle of the pressure loading and unloading process. (b) The summarized relationship and
linear fitting between the relative variations of current and the pressure applied on the resis-sensor. (c) The resis-sensor is able to sense the application of
very small pressure. Shown is the relative change of current on placing and removing a leaf (20 mg) and a petal (50 mg), respectively. (d) The stability test
for pressure sensing of the resis-sensor with continuous loading and unloading a cyclic pressure (250 Pa) for 50,000 cycles, at a frequency of 1 Hz. (e) Plots
showing frequency responses at the pressure of 250 Pa: pressure input frequency of 0.5, 1, 2 Hz.

motor. With such a system, external pressures and electrical signals can be recorded simultaneously. Fig. 3(a) is
a real-time measurement result of the relative change of
current (1I/Ioff ) under series of different pressures, and
the relationship between 1I/Ioff and magnitude of pressure is plotted in Fig. 3(b). When the applied pressure increased from 107 to 4500 Pa on the sensor, the measured
current dramatically increased along with the increase of
contact area between the CNT-PDMS wrinkles and AgNWs.
The sensitivity S can be defined as:

δ
S=



1I
Ioff

δp


(1)

1I = I − Ioff

(2)

where I is the current when applied pressure on the sensor, and Ioff is the current of sensor with no pressure, p
is the applied pressure. Based on the difference in sensitivity, the plot can be divided into two regions. When
the applied pressure was lowered than 800 Pa, the sensitivity (S) is 204.4 kPa−1 . To the best of our knowledge,
this S in low-pressure regime (<800 Pa) is the highest reported for a flexible pressure sensor, which is significantly
higher than those reported in previous literatures. (see Table S1). Fig. 3(c) shows the response of the sensor upon
loading–unloading the leaf (20 mg) and petal (50 mg), indicating that the sensor is reliable in detecting minute pressure. The corresponding pressure of the leaf and petal were
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0.2 Pa and 0.5 Pa, respectively. Compared to other present
flexible pressure sensors reported in the previous literatures (Table S1), our resis-sensor shows a very low detection limit (0.2 Pa).
To further demonstrate the stability of our resis-sensor,
a continuous pressure of 250 Pa at a frequency of 1 Hz was
applied to the sensor, as shown in Fig. 3(d). Note that the
high signal-to-noise ratios (SNR) were well maintained and
the current amplitude exhibited negligible changes after
50,000 loading–unloading cycles. The resis-sensor exhibits
rapid response time of less than 0.07 s (Fig. S4). The timeresolved response measurement shows that the current
waves and the input pressure waves match well under a
pressure of 250 Pa at the frequency of 0.5–1 Hz (Fig. 3(e)).
When the frequency is up to 2 Hz, a tiny hysteresis can
be observed. This might be attributed to the viscoelastic
effects of the PDMS films.
Sensing mechanism and response of the TENG as an
active sensor. As above, the TENG can be used as an active
pressure sensor, and its sensing mechanism is based on
coupling effect of contact electrification and electrostatic
induction. When an external pressure is applied, the two
triboelectric layers are brought into contact with each
other. The open-circuit voltage (VOC ) will decrease linearly
according to equation as followed:

σ ·d
(3)
ε0
where ε0 is the permittivity in vacuum, d is the vertical distance between the two layers and σ is the triboVOC =

electric charge density, which is considered as constant in
this work. Reversely, the VOC reverts to its maximum level
when the pressure is fully removed. Considering the mechanism of this active sensor, it is suitable to detect the pulsing pressure.
Fig. 4(a) is the measurement setup for the TENG as
an active pressure sensor. In comparison with the resissensor, power supply is removed and only volt meter is
needed due to the self-powered feature of the TENG. The
real-time measurement result of voltage under various
pressures is shown in Fig. 4(b). When there is no pressure, the VOC stays at the maximum level (Voff = 150 V).
Once the external pressure is applied, the VOC decreases to
a lower level. Fig. 4(c) is the relationship between the relative variations of voltage (1V/Voff ) and the size of pressure
ranging from 67 to 2556 Pa. Inset shows the favorable linear relationship of the sensor when the pressure is lower
than 400 Pa, which reveals our sensor is reliable for pressure sensing. The sensitivity is defined by:

δ
S=



1V
Voff



δp

1V = Voff − V

(4)
(5)

where Voff is the voltage of sensor with no pressure, and
V is the voltage when applied pressure on the sensor, p
is the applied pressure. It can be found that the sensitivity of the sensor is 1.52 kPa−1 in the low pressure region,
which is much higher than that of high pressure region
(0.11 kPa−1 ). It is noteworthy that this sensitivity is apparently higher than other TENG-based pressure sensors

reported previously [18,19]. This is because the electrical
output performance of the TENG is greatly improved, using the wrinkled and flexible PDMS.
Furthermore, as shown in Fig. 4(d), the sensor exhibits
excellent mechanical robustness and stability under a
pressure of 300 Pa at a frequency of 1 Hz, and it can still
work properly after 50 000 cycles, with a high SNR. The
response time of this sensor is less than 0.09 s (Fig. S5). To
examine the delay time of our sensor to external forces, the
output voltage signals were compared with the pressure
inputs at a frequency of 0.5–2 Hz (Fig. 4(e)). It can be found
that the voltage waves were almost the same as the input
pressure waves.
Output performance of the TENG. A typical electrical
output measurement of the TENG was carried out under
a 0.41 Hz external force. As illustrated in Fig. 5(a)–(b), the
open circuit voltage and short circuit current of the TENG
with a size of 3 cm × 3 cm reach up to 270 V and 21 µA
(corresponding to a current density of 2.33 µA cm−2 ), respectively. Fig. 5(c) shows the dependence of both voltage
and current outputs on a series of different resistance (from
103  to 1 G). It is clear that the current drops with the
increase of the external resistance, while the voltage across
the load follows a reversed tendency. Consequently, the effective electrical power of the TENG is closely related to the
external load and reaches a maximum value of 1.82 mW at
a load resistance of ∼40 M (Fig. 5(d)). The output performance is much higher than our previously reported highly
transparent and flexible TENG using flat PDMS films [37].
This might be attributed to the following two factors:
(1) the microstructured PDMS has larger effective triboelectric effect than the flat film, which is related to the
flexibility and larger surface area of the wrinkled PDMS.
(2) UVO treatment can provide large quantities of electric
charges to the friction surface.
Self-powered, portable visualization system. Based
on the above self-powered pressure sensing system, we
further built a portable visualization system, which is
constructed with TENG, passive resistive pressure sensor,
and display unit. The electric circuit diagram is depicted
in Fig. 6(a). This system contains three operating modes,
corresponding to different positions (1, 2, 3). When the
switch is turned to position 1, the capacitor is connected
to the TENG through the rectifier but disconnected from
the display. The electrical energy generated by the TENG
is stored in the capacitor (22 µF). The charging curve of a
capacitor powered by the TENG for 300 s shows a steady
increase in the storage charges with the increase of the
charging time (middle inset of Fig. 6(b)). Next, the charged
capacitor will be used as a power source to drive the resissensor by turning the switch to position 2. In this mode,
the display will show different bits according to the size of
pressure applied to the resis-sensor. Here, to quantify its
response, we measured the working curve of the sensor
(Fig. 6(b)). The peak current increases to 16 µA when a
pressure is applied to the resis-sensor. Then the capacitor
is charged to the same state by the TENG. When applying
the same magnitude of pressure, the peak current rises up
to 16 µA again, indicating that the resis-sensor can work
properly even driven by a capacitor.
Besides, the TENG itself can also be used as an active pressure sensor for semi-quantitative pressure sensing
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Fig. 4. Electromechanical response of the TENG as an active pressure sensor. (a) Schematic illustration of the experimental setup of the active sensor. (b)
The real-time measurement of the voltage with cyclic and variable pressures applied on the active sensor. The highlighted region indicates one cycle of
the pressure loading and unloading process. (c) The summarized relationship and linear fitting between the relative variations of voltage and the pressure
applied on the active sensor. (d) The stability test for pressure sensing of the active sensor with continuous loading and unloading a cyclic pressure (300 Pa)
for 50,000 cycles, at a frequency of 1 Hz. (e) Plots showing frequency responses at the pressure of 300 Pa: pressure input frequency of 0.5, 1, 2 Hz.

while the switch is turned to position 3, using a force gauge
to measure the size of pressure (Movie S1). And this visualization system itself can work without any measuring instrument for qualitative purpose (Movie S2). As shown in
Fig. 6(c), when a low pressure (less than 200 Pa) is applied
to the device, only the first signal of number displays in the
LCD screen. Then, with the pressure increases to medium
(range from 200 to 600 Pa) and high (larger than 600 Pa)
levels, the second and third signals of number in the LCD
screen will be visible. Without the need of any other complex apparatus to record and analyze the output signal,
this self-powered system can be used to reveal the size
of pressure semi-quantitatively and directly. Based on the
same principle, the resolution of this sensing system can

be further improved by upgrading its integration capabilities. With the cost-effective, portable and simple design,
this self-powered visualization system greatly promotes
the development of intuitional pressure sensing and might
expend to other types of self-powered sensing system.
3. Conclusion
In summary, we have developed a simple, cost-effective
method to fabricate an ultrasensitive self-powered pressure sensing system, by innovatively integrating the resissensor and the TENG into a single device. With the help
of wrinkled and flexible PDMS, our sensing system exhibits multiple excellent performances. The resis-sensor
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Fig. 5. Output performance characterization of the TENG. (a) Open circuit voltages and (b) Short circuit currents of the TENG. (c), (d) Dependence of the
output voltage and current (c) and the effective power output (d) of the TENG on the resistance of external load.

Fig. 6. Demonstration of a self-powered, portable visualization pressure sensing system. (a) Electric circuit diagram of the pressure sensing system. (b)
The working curve of the resis-sensor driven by the capacitor, middle inset is the charging curve of the capacitor powered by the TENG. (c) Photographs of
the self-powered, portable visualization sensing system at different pressure.

Author's personal copy
J. Luo et al. / Extreme Mechanics Letters 2 (2015) 28–36

demonstrates ultra-high sensitivity (204.37 kPa−1 ) in the
low-pressure regime (<800 Pa), very low detection limit
(0.2 Pa), and rapid response time (<0.07 s). Remarkably,
this sensitivity is the highest value among any reported
flexible pressure sensors. By contrast, when using the
TENG as an active pressure sensor, it shows a high sensitivity (1.52 kPa−1 ) and fast response time (<0.09 s). Both
types of sensors have excellent performances of long-term
stability (beyond 50,000 cycles) and low response delay
between electric signals and mechanical signals at low frequency (0.5–2 Hz). When using the TENG as an energy
harvester, it has an excellent output performance. A very
large output of up to 270 V and 21 µA at a current density
of 2.33 µA cm−2 , and an effective electrical power up to
1.82 mW (2.02 W/m2 ) at a load resistance of ∼40 M were
obtained. Moreover, a self-powered, portable visualization
sensing system was built for semi-quantitative detection of
pressure directly. Further optimization of the system will
focus on the features of miniaturization, transparent and
wearable. We also believe that this self-powered visualized sensing system could be expanded to other types of
self-powered sensors, and multifunctional sensing might
be realized simultaneously and complementarily.
Experimental section
Preparation of the wrinkled CNT-PDMS film. To fabricate of the precured 5 wt% CNT-PDMS film, single-walled
nanotubes (SWNT, CHANGXIANG Inc.) were dispersed by
ultrasonic in chloroform for 8 h. The dispersed CNT solution was completely mixed with PDMS base (Sylgard 184,
Tow Corning) using a vortex mixer. Chloroform was subsequently removed by evaporation for 12 h at 90 °C on
an oven. Then PDMS curing agent (1:10 ratio for curing
agent to base) and hexane were added to the dried CNTPDMS (at a ratio of 1 mL of hexane for each 600 mg of
PDMS) and mixed with a vortex mixer for 10 min. For
the fabrication of wrinkled CNT-PDMS film, the fluid mixture was spin-coated (500 rpm) onto a silicon wafer and
thermally cured at 80 °C for 2 h. The fully cured composite film (∼200 µm) was uniaxially stretched with a
prestrain value of 40% before being placed in the UVO
chamber (BZS250GF-TC, HWOTECH Inc.) for 20–30 min.
The prestrain was then removed, resulting in a wrinkled
structure in the CNT-PDMS surface.
Synthesis of AgNWs. The long AgNWs were synthesized by a multi-steps method, according to the method
reported previously with some modification [38]. In the
first step, 5.86 g of PVP (Mw: ∼40 000) were dissolved into
190 mL of glycerol and heated at 90 °C in the oven for 2 h.
When the solution was cooled down to 50 °C, 1.58 g AgNO3
power was added. Then, 10 mL of glycerol, 59 mg of NaCl
and 0.5 mL of H2 O were mixed and added into the above
solution. Afterward, the mixed solution was heated up to
210 °C in 25 min under gentle stirring (∼200 rpm). Subsequently, the heat to the solution was removed. In step
two, the resulting AgNWs were used as crystal seeds for
synthesizing the long AgNWs. Briefly, the whole process
was the same as step one, except that 3 mL of seed AgNWs were used in placed of the glycerol/ NaCl/H2 O solution. Finally, the obtained AgNWs solution was transferred
into a beaker, followed by adding 200 mL deionized water.
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After stabilized for one day, upper layer silver nanoparticles (AgNPs) solution was removed and bottom layer
sediment (AgNWs) was collected and washed with water
twice.
Preparation of the wrinkled PDMS film. For the fabrication of wrinkled PDMS, PDMS base and curing agent
were thoroughly mixed in a 10:1 ratio (w/w) and degassed for 30 min. Then the fluid mixture was spin-coated
(500 rpm) onto a silicon wafer and thermally cured at 80 °C
for 2 h. The fully cured composite film (∼150 µm) was uniaxially stretched with a prestrain value of 40% before being
placed in the UVO chamber for 10–20 min. The prestrain
was then removed, resulting in a wrinkled structure in the
PDMS surface.
Fabrication of the ultrasensitive self-powered pressure sensing system. A wrinkled CNT-PDMS (3 cm × 3 cm)
was deposited with Au on its outer surface as electrode
layer (Denton Sputter). Then, a fluid mixture of PDMS
base and its curing agent (10:1, w/w) was spin-coated
(1500 rpm) onto an ITO-coated PET film (3 cm × 3 cm) and
semi-cured at 75 °C for 15 min. A filter paper was used to
filter the AgNWs suspension and cut by paper knife into
2.5 cm × 2.5 cm piece. Then the AgNWs/paper was brought
into contact with the semi-cured PDMS film (∼50 µm) and
the AgNWs film was transferred onto the PDMS film. The
AgNWs/PDMS/PET/ITO film was fully cured at 80 °C for 2 h.
Next, the wrinkled CNT-PDMS film was deposited onto the
top surface of AgNWs/PDMS/PET/ITO film to form the upper layer and middle layer, respectively. Then a wrinkled
PDMS (3 cm × 3 cm) was adhered on another ITO-coated
PET film as the bottom layer. Finally, the wrinkled PDMS
surface of the bottom layer was placed onto the middle
ITO electrode, and a PDMS spacer layer was inserted at the
edges of the middle ITO electrode to separate the two triboelectric surfaces. Finally, the Dual-mode Active Pressure
Sensor with sandwich structure was achieved. The effective size of the sensor is 3 cm × 3 cm and the thickness is
about 3 mm.
Measurement. SEM images were characterized using a
HITACHI SU8020 FE-SEM operated at 5 kV beam voltage.
Optical images were taken by a Zeiss Observer Z1 microscope. The computer controlled linear mechanical motor
(Linmot Inc.) and force gauge (Handpi Digital force gauge,
HP3) were used to apply the external pressure. The Keithley 6514 System Electrometer was used to measure the
VOC . The SR570 low noise current amplifier was used to
measure the ISC . Keithley 2400 was used to supply the constant voltage.
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