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Abstract— Wrinkle patterns, as a simple surface patterning
process, have been previously used in triboelectric nanogenerator
(TENG) to improve electric performance. However, since lacking
an effective way to control the wrinkle pattern in a wide range,
the influence of wrinkle pattern to the performance of TENG has
not been systematically investigated. This paper proposes a pre-
heating process to adjust the modulus of uncured polydimethyl-
siloxane, resulting in wide-range controllable wrinkle patterns.
Quantitative measurements show the wrinkle pattern wavelength
(λ) could be varied from 20.13 to 0.92 μm by pre-heating time
from 0 to 10 min. Using this wide-range wrinkle pattern, the
performance of TENG was remarkably improved with a higher
surface charge density of 537.6 μC/m2. Through simulating the
impact of interfacial structures deformation, we found smaller
structure leading to higher performance of TENG at low pressure
region and smaller surface area resulting in a lower performance,
which accounted for the correlation we observed in this paper,
and could guide the structure design for a high-charge-density
TENG. This paper provides an alternative way for controlling
wrinkle pattern as well as increasing surface charge density of
TENG from fabrication process, simulated results, theoretical
analysis, and quantitative measurements. [2017-0154]

Index Terms— Wrinkle pattern, fluorocarbon plasma,
triboelectric nanogenerator.

I. INTRODUCTION

WRINKLE structures fabricated on elastic substrates
such as PDMS are becoming increasingly signifi-

cant, owing to their features of simple fabrication process,
flexibility, stretch-ability, and the adaptation for large area
pattern [1], [2]. These patterns have exhibited a wide
range of applications, including optical devices [3], stretch-
able electronics.[4], microfluidics. [5], tunable adhesion and
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wettability [6], [7], and flexible pressure sensors [8]. Typically,
wrinkle patterns take place in a multilayered film comprising
a stiff cover layer on a relatively soft, elastic substrate, with
tunable wrinkle wavelength λ by adjusting the thickness of the
stiff layer and the pre-strain [9]–[11]. However, applying the
outer force usually requires a free-standing membrane, which
would inevitably increase the thickness of this membrane and
restrict their applications. Besides, there is a growing demand
for developing more methods for controlling and adjusting the
wrinkle patterns in wider range to enable and broaden their
applicable fields.

TENG is developing to be a potential technology for energy
harvesting with features of simple structure, low cost, and
well-adaptation for different materials [12]–[16]. In the recent
studies, it has been successfully used to harvest the energy
from water [17], wind [18], human motions [19] and even
heartbeat [20]. However, the electric performance of TENG
still needs to be further improved to meet the requirement
for traditional electronics. Considering the basic mechanism
of TENG, the enhancement of surface charge density is the
mostly fundamental way to get a high performance device,
since both the voltage and current density are proportional
to it [21]. Existing approaches for increasing the surface
charge density include the utilization of micro/nano struc-
ture [22], [23], modification of surface material [24], [25],
increasing of the applied force to the device [26], injection
of inion charge to the surface [27], and the employment
of liquid metal [28]. Among all these methods, the mod-
ification of surface material and introduce of micro/nano
structure, being able to increase the ability of electron affin-
ity and surface roughness, have been mostly employed and
investigated.

Our previous work successfully combined the fluorocarbon
polymer modification and surface pattern in single step using
fluorocarbon plasma to treat uncured PDMS, which had signif-
icantly improved the electric performance and charge density
of TENG [29]–[31]. Compared with material modification,
surface pattern has larger space to be optimized to make sure a
large contact area for generating more charges. Unfortunately,
owing to the lack of effective methods for adjusting the
wrinkle morphologies in wide range, the influence of wrinkle
patterns to the electric performance of TENG hasn’t been
deeply investigated.

In this work, a pre-heating process is introduced for adjust-
ing the property of uncured PDMS, leading to the formation
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of controllable wrinkle pattern. External force was applied
via fluorocarbon plasma, resulting in a thinner substrate.
By simply varying the pre-heating time, the wrinkle pattern
wavelength successfully decreased for more than 95%. Direct
observation, theoretical modeling, simulated analysis, and
structural characterization were performed for comprehensive
understanding of this process. Besides, the wide-range control-
lable wrinkle patterns were further employed to improve the
electric performance of TENG, more than three times higher
charge density was obtained compared with our previous
results. Further analysis by electric characterization, simula-
tion and surface area measurement shown that the dramatically
decreased wrinkle pattern contributed to this improvement.

II. EXPERIMENTAL SECTION

A. Sample Preparation

The base solution and curing agent of commercial PDMS
(Sylgard 184, Dow Corning Corporation) were mixed with
a quantity ratio of 10:1. After degassed in a vacuum pump,
the liquid mixture of PDMS was spin-coated onto PET/ITO
film. Then it was cured immediately at 90 °C for a certain
time on a hot plate and treated using an ICP etcher (Surfacing
Technology Systems plc, Multiplex ICP 48443) afterwards.
Finally, this sample was totally cured in an oven at 90 °C
for 1 h.

B. Surface Plasma Treatment

The fluorocarbon plasma treatment of the uncured PDMS
surface was conducted using an ICP etcher (Surfacing Tech-
nology Systems plc, Multiplex ICP 48443). The RF power,
platen power, gas (C4F8) flow rate, and pressure were set
as 0 W, 100 W, 60 sccm, 5 Pa respectively.

C. Pattern characterization

The processed wrinkle structures with λ < 2 μm were
characterized by an atomic force microscope (Dimension
ICON, Bruker Corp.) in PeakForce mode, which is a featured
mode of Bruker Corp. that could provide the highest resolu-
tion. Then, the results were analyzed by Nanoscope Analysis
1.5 software (Bruker Corp.). The samples with λ > 2 μm
were evaluated by confocal laser scanning microscope
(LEXT OLS4100, Olympus). At the same time, all the sam-
ples were photographed by an environment scanning electron
microscope (ESEM, FEI Quanta 600). The error bars for wrin-
kle patterns were measured and calculated by three membranes
from independent experiments.

D. Quantitative Measurement System

The output voltage was measured via a digital oscilloscope
(Agilent DSO-X 2014A) using a 100 M� probe (HP9258),
and the current was amplified by a SR570 low noise current
amplifier from Stanford Research systems. The upper surface
was fixed to a certain place. Then a sinusoidal signal with
an amplitude of 1.5 V was generated from the signal source
module of the oscilloscope and amplified by an amplifier
(SINOCERA YE5871A) to power the modal shaker (JZK-10),

Fig. 1. Fabrication process for the wide-range wrinkle pattern. (a) Spin-
coating PDMS on PET/ITO substrate. (b)Heating uncured PDMS on a hot
plate. (c) Performing C4F8 plasma treatment on pre-heated sample. (d) Curing
the treated sample in an oven.

Fig. 2. SEM images of wrinkle patterns with varying pre-heating time.

which could provide a periodic and stable external force
(∼50 N) to the device. The charging ability test is measured
by charging a 1 μF capacitor under finger typing through a
full-wave rectifier, while the maximum force applied to the
TENG was measured to be about 50 N to make the data of
this part comparable with that using the shaker. The error bars
for electric performances were derived by three TENGs using
membranes from independent experiments.

III. RESULTS AND DISCUSSIONS

A. Fabrication of Wide-Range Wrinkle Patterns

Fig. 1 diagramed the detailed fabrication process for control-
ling the wrinkle patterns. Firstly, prepared PDMS mixture was
spin-cocated onto the substrate. The sample was then heated
on a hot plate within an alterable time t . Afterwards, the pre-
heated membrane was treaed using flurocarbon plasma with
C4F8 gas. Finally, it was totally cured in an oven.

Following the procedure mentioned above, pattern λ can
be easily tuned by the pre heating time t . By varing t from
0 min to 10 min, the wrinkle patterns were shown in the
SEM images of Fig. 2. The wrinkle patterns exhibited dra-
matically decrease during t from 0 min to 2 min, while they
reduced slightly from 3 min to 10 min.

To further investigate the relationship between pattern λ
and pre-heating time t , quantatively measurements for the
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Fig. 3. (a) 3D images of wrinkle patterns with varying pre-heating time. (b) The wrinkle wavelength and Roughness as functions of pre-heating time.

wrinkle patterns were carried out using AFM for pattern
λ < 2 μm and OLS for pattern λ > 2 μm, respectively.
Fig. 3a shown the 3D images for wrinkle patterns with t
from 0 min to 10 min. From these results we could obeserve
the significant change in vertical scale of wrinkle patterns
(i.e. the amplitude of wrinkle pattern) from tens micrometer to
hundredes nanometers. Fig. 3b complies the results for plasma-
induced wrinkling λ and the surface roughness (Ra) as the
function of pre-heating time t . As the increasing of heating
time, the pattern λ decreased from 20.13 μm to 0.92 μm
by 95.43%, and the largest pattern λ was 21.88 times of the
smallest, which made it possible to obtain wrinkle pattern
wavelength in a large range by simply controlling the pre-
heating time. At the same time, Ra decreased from 1.60 μm
to 0.07 μm by 95.63 % during t from 0 min to 10 min.

B. Theoretical Analysis

The wrinkling phenomenon is usually treated as a simple
stress model. In the region of low deformation, assuming a
homogeneous film and bulk materials having perfect adhesion
at the interface, wrinkle λ and amplitude A can be described

Fig. 4. Simulated results for the wrinkle pattern wavelength with different
modulus of substrate.

by [2]:

λ = 2πh

[
E f (1 − ν2

s )

3Es(1 − ν2
f )

]1/3

(1)

A = h

(
ε

εc

)1/2

∝ Ra (2)
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Fig. 5. Experiments for TENGs using the wide-range wrinkle patterns. (a) Voltage waveforms of TENGs using different pre-heating time wrinkle pattern.
(b) Voltage waveforms of TENGs using different pre-heating time wrinkle pattern. (c) Charging curves for a 1 μF capacitor of TENGs using different
pre-heating time wrinkle pattern. (d) Calculated surface charge density of TENGs as a function of pre-heating time.

Where E is the elastic modulus, ε is the compressive
strain, h and ν represent the thickness of the stiff layer and
Poisson ratio, the subscripts f and s denote the stiff film

and the soft substrate, respectively, εc = 1
4

[
3Es(1−ν2

f )

E f (1−ν2
s )

]1/3

is a

critical strain, which must be exceeded to induce instability.
Combined equation 2 and expression for εc, we can conclude
that A ∝ λ

√
ε ∝ Ra . Considering that the mechanical

parameters and thickeness of the films are constant at the same
plasma treating time, the pattern λ is inversely proportional to
the substrate elastic modulus as λ ∝ E−1/3

s . Meanwhile, the
elastic modulus of the PDMS is proportional to the cross-
lingking degree, which increases obviously with the pre-
heating time t . Therefore, the pattern λ decreases steadily
with the increasing of heaing time, which also leads to surface
roughness Ra inversly proportional to the heating time t .

To validate the influence of elastic modulus to wrinkle λ, we
further simulated this phenomenon by finite element method
using ABAQUS software. In this simulation, a constant uni-
axial compressive displacement was applied to the right side

of PDMS substrate to simulate the compressive strain in our
experiment, which was kept as 5% of the total length of
PDMS substrate. By varying the elastic modulus (E) of PDMS
substrate, the simulated results are shown in Fig. 4a. It is
obvious that the wrinkle λ decreased dramatically during E
from 0.001 Mpa to 2 Mpa. Fig. 4b gave the simulated wrinkle
wavelength as a function of Young’s modulus of PDMS, which
had a simlar trend with our experimental results in Fig. 3b.

C. Maximizing Surface Charge Density of a Triboelectric
Nanogenerator

Here, at the aid of the pre-heating method, we fabricated
arch-shaped TENGs using samples by pre-heating time from
0 min to 10 min, which have a size of 3 cm × 3 cm and a
fixed maximum gap distance of about 3 mm.

The electric performance for these devices are summarized
in Fig. 5. By increasing the pre-heating time t , the output
voltage firstly had an increasing trend during t from 0 to 2 min
as plotted in Fig. 5a. When the pre-heating time was longer
than 2 min, the output voltage decreased with t . By varying the
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Fig. 6. (a) FEM simulated displacements of triangle structures with different parameters under 3 kPa pressure. (b) The displacement and contact area per
unit length as functions as applied pressure and base line length of triangle. (c) The displacement and contact area per unit length as functions as applied
pressure and θ .

pre-heating time, the peak value of output voltage increased
from 192 V to 685 V by 256 %. Fig. 5b shown the waveforms
of output current from as-fabricated devices with different
pre-heating time, which had a similar trend with the output
voltage. A maximized value of nearly 165 μA was obtained
at a pre-heating time of 2 min, which was increased by 201 %
compared with TENG by 0 min pre-heated. The charging
ability of these TENGs are measured by charging a 1 μF
capacitor under finger typing through a full-wave rectifier as
plotted in Fig. 5c. For the TENG using 0 min pre-heated
sample, it can charge this capacitor to 0.35 V in single
operational cycle, while the device using 2 min pre-heated
membrane can charge this capacitor to 0.96 V, which was
increased by 174 %. The inducted surface charge density of
TENG is the ratio of charge amount transferred in a half
operational cycle of TENG, which played dominated role in
determining the TENG’s electric performance. The inducted
surface charge density σi of a TENG can be calculated by
σi = VC C/2S, where VC , C are the voltage and value of the
capacitor charged by a TENG in an operational cycle, S is
the total area of a TENG. Usually, a relative large capacitor
compared with the intrinsic capacitance of a TENG is need
to obtain an appropriate value of the transferred charge under
short-circuit [20]. Fig. 5d compiled the results of inducted
surface charge density of TENGs as a function of pre-heating
time. When t = 2 min, a maximum surface charge density
of 537.6 μC/m2 was observed, which was about 3.23 times
of the untreated device. To the best of our knowledge, this
value is the highest record of surface charge density of TENGs
achieved in the published work, when taking the maximum
force (∼50 N) applied to the device into account.

D. Mechanism for the Improvement in the Electric
Performance of TENG

Surface micro/nano pattern is one of the most used meth-
ods in improving the electric performance of TENG. Once
adopting patterned surface as contact surface of TENG, the
total surface area of TENG is expanded, and the effective
contact area of TENG would increase with the outer force,
leading to more charges accumulate on the contact surface
and higher electric performance [32]. To further investigate
and explain the mechanism of the outstanding ability of pre-
heated wrinkle structure in improving the electric performance
of TENG, finite element method with COMSOL software
was employed to analyze the relationship between different
scale wrinkle and outer force. The cross section of wrinkle
structure is similar with sinusoidal shape curve. To simplify
the caculation of contact area of the structure under pressure,
two-dimensional triangle array was utilized in this simulation
as plotted in Fig. 1 in supplementary material, which has two
advantages: (1) the total surface area keeps the same during
varying the scale of triangle when θ is fixed; (2) the total
surface area is inversly proportional to θ , making it easier to
vary the surface area by θ .

Supposing the surface charge density σ produced by
contact-electrification during contact-separation process is
constant, the electric performance of TENG would be deter-
mined and increased linearly with the contact area. Benefited
by the advantages mentioned above, we can individually
simulate and calculate the influences of structure size and
surface area by adjusting the base line length Lt of a triangle
and θ shown in Fig. 6a, respectively. Obviously, the displace-
ments of triangles reduced with the decreasing of Lt and the
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Fig. 7. The wrinkle wavelength surface area ratio and surface charge density
of TENG as function of pre-heating time to imply reason for the two-section
relationship with pre-heating time.

increasing of θ at a pressure of 3 kPa. The contact area
of single triangle corresponding to contact length L in two-
dimentiona condition can be calculated by L = L1 + L2 =
2d/sinθ , where d is the displacement of triangle under pres-
sure as illustrated in Fig. 1 in supplementary material. Fig. 6b
plotted the influence of triangle size to the displacement of
triangle and contact length. Under a specific pressure, the dis-
placement increased with Lt during Lt from 10 μm to 25 μm.
The contact area per unit length (Lu = L/Lt ) shown opposite
trend and decreased with Lt . This means the contact area
increases with the decreasing of Lt , which leads to higher
electric performance. When varying θ , both the displacement
and contact area per unit length increased with the decrease
of θ , corresponding to higher electric performance. From this
simulation, we can conclude: (1) when the total surface areas
of TENGs are equal, TENGs with smaller structure would
have higher electric performance under the same pressure;
(2) when the structure scales of TENGs are comparable, the
electric performance under the same pressure of a device with
smaller surface area would be lower.

Thereby, the realationship between the eletric performance
of TENGs and wrinkle structures can be divided into two
region: (1) stucture decreasing region, where wrinkle λ
decreased dramatically from 20.13 μm to 2.68 μm as shown in
Fig. 7, which generated the obviously improvement in electric
performance of TENG; (2) surface area decreasing region, the
surface area ratio decreased from 1.26 to 1.09 and acounts
for the decreasing of surface charge density after 2 min. The
surface area decreasing playsed a dominant role in this process
and led to decrease of electric performance.

IV. CONCLUSIONS

In summary, a simple fabrication process based on pre-
heating uncured PDMS and C4F8 plasma treatment method
is proposed to form wide-range controllable wrinkle structure.
During the pre-heating process, the modulus of uncured PDMS
increased with the pre-heating time, leading to the decrease

of wrinkle pattern λ, which was further proved by simulated
results. Quantitatively characterization of the wrinkle pattern
shown the pattern λ can be controlled from more than 20 μm
to lower than 1 μm, decreased by more than 95%. Using the
fabricated membrane with wrinkle pattern as contact pair of
TENG, the electric performance of TENG was dramatically
improved. A maximum surface charge density of 537.6 μC/m2

was observed at a pre-heating time of 2 min. FEM simulation
results implied the advantage of smaller scale structure with
same surface area in improving the electric performance of
TENG under relative low pressure region, which accounted
for the influence of the wide-range wrinkle pattern to the
performance of TENG. Our work provided a wide-range,
simple, cost-effective and large area surface pattern methods
for wrinkle morphologies fabrication, and demonstrated its
strong ability in increase the electric performance for TENG,
which could possibly speed up the application of wrinkle
patterns as well as TENGs.
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