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We report a facile and cost-effective route for fabricating highly efﬁcient triboelectric energy harvesters
via formation of artiﬁcially well-tailored interlocked interface with a nanostructured Ni electrode and
polydimethylsiloxane (PDMS). The interlocked interface formed between the nano-pillar Ni electrode
and nano-pillar PDMS composite thin ﬁlm effectively enhanced the triboelectricity of a triboelectric
nanogenerator (TENG) by increasing the surface contact area and contact time, related to the frictional
forces. The output power of four different kinds of TENGs was evaluated to conﬁrm the effect of the
surface morphology, especially the interlocked interface. A dramatic enhancement of the output voltage
(  100 V) was observed with a current of up to  23 μA. The effectiveness of the interlocked TENG (iTENG) was also demonstrated by the greater efﬁciency for charging a capacitor compared with the ﬂatto-ﬂat contact TENG (ﬂat TENG).
& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
In the ﬁeld of renewable energy, extensive effort has been devoted to developing effective means of harvesting natural energy
such as ocean waves, wind, solar, and mechanical energy [1–4].
Speciﬁcally, mechanical energy harvesting on the basis of piezoelectricity, electrostatic interaction, and electromagnetic induction
has attracted remarkable attention due to the strong potential for
realizing self-powered devices and systems [5–7]. Recently, triboelectric nanogenerators (TENGs) have been investigated very intensively as a new technological concept for innovative mechanical
energy harvesting based on the well-known triboelectriﬁcation
phenomenon [8] that occurs between two materials with different
triboelectric polarities. Furthermore, there have been many recent
attempts to commercialize TENGs by increasing the output power
for possible target applications, such as self-powered small electronics and sensors [7,9,10].
To achieve a high-performance TENG, the contact materials,
device structures, and contact surface morphology are considered
as key factors [11]. Recent strategies for achieving innovative
n
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contact materials and device structures include the development
of various kinds of TENGs with a three-dimensional (3D) stacked
structural design, the use of metal nanoparticles, introduction of a
2D material, etc [12–16]. Nevertheless, application of artiﬁcial
control for obtaining a triboelectric active layer with a well-tailored surface morphology to achieve a dramatic increase of the
output power from TENGs has been rarely attempted in spite of
the importance of this approach in terms of scientiﬁc fundamentals and power-generating performance, although several
approaches [17–21] such as photolithography, anodic aluminum
oxide templating, and metal nanoparticle decoration have been
developed to obtain controlled surface morphologies in the nanoscale and microscale ranges.
In this study, we introduce an interlocked TENG (i-TENG), inspired by nature’s own beetle’s wing [22], to increase the efﬁciency
of TENGs for use in highly efﬁcient energy harvesters. The i-TENG
was designed and fabricated by using a nano-pillar polydimethylsiloxane (PDMS) composite thin ﬁlm and a nano-pillar Ni
electrode as an interlocked interface. To fabricate these structures,
PDMS nano-molding and Ni electrodeposition were applied to a
polyvinyl chloride (PVC) template, which offers some merits such as
cost-effectiveness, large-area, and simplicity. Four different kinds of
TENGs were then assembled to form different contact modes such
as the ﬂat Ni to ﬂat PDMS contact mode (ﬂat TENG), ﬂat Ni to nanopillar PDMS contact mode (np-PDMS TENG), nano-pillar Ni to ﬂat
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Fig. 1. (a) Schematic illustration and (b) SEM micrograph of i-TENG.

Fig. 2. Finite element simulation of vertical contact-separation modes for four different kinds of TENGs using COMSOL Multiphysics software: (a) ﬂat TENG, (b) np-Ni TENG,
(c) np-PDMS TENG, and (d) i-TENG.

PDMS contact mode (np-Ni TENG), and nano-pillar Ni to nano-pillar
PDMS contact mode (i-TENG), respectively. The output voltages and
currents were calculated and characterized for four different kinds
of TENGs to evaluate the effect of the interlocked interface. In addition, patterned Ni electrodes with different shapes were also
prepared and characterized to conﬁrm the interlocking effect. Finally, we demonstrate the excellent power production capability of
the i-TENG compared with the ﬂat TENG by charging a commercial
capacitor and illuminating light-emitting diodes (LEDs).

2. Methods
2.1. Preparation of polyvinyl chloride (PVC) template
A PVC template was used to fabricate the nano-pillar Ni and
PDMS surface based on the easy detachability of the template from
the Ni and PDMS surface, low-cost, and high pattern ﬁdelity. First,
a nano-pillar Si master stamp, with a pitch of 1 mm, a diameter of
0.5 mm, a height of 2 mm and square pillar array, was prepared by
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using conventional photolithography and the reactive ion etching
process to replicate the nano-hole PVC template (Fig. S1(a)). A
ﬂuorine-based self-assembled monolayer (SAM; heptadecaﬂuoro1,1,2,2-tetrahydrodecyl trichlorosilane) was coated on the surface
of the Si master stamp to reduce the surface energy for easy detachment of the PVC template [23]. Subsequently, a PVC ﬁlm with
a thickness of 500 mm was cleaned with ethanol and deionized
(DI) water and put on the nano-pillar Si master stamp. The PVC
ﬁlm and nano-pillar Si master stamp were placed in conformal
contact using a nano-imprinting machine (Fig. S1(b)). The temperature was increased to 130 °C (above the glass transition temperature of PVC) and was maintained for 5 min. Subsequently, the
PVC ﬁlm and nano-pillar Si master stamp were pressurized to
10 bar for 5 min, thereby inducing deformation of the PVC ﬁlm
from the ﬂat surface to the nano-hole surface (Fig. S1(c)). Finally,
the machine was cooled to below the glass transition temperature
of PVC (approximately room temperature (R.T.)) to stick the nanohole pattern to the PVC surface. The nano-hole patterned PVC
template was then physically detached from the nano-pillar Si
master stamp. Finally, the nano-hole patterned PVC template was
prepared as shown in Fig. S1(d).
2.2. Fabrication of nano-pillar PDMS composite thin ﬁlm
To fabricate a nano-pillar PDMS composite thin ﬁlm with high
aspect ratio, 2-step nano-molding was applied to a PVC template to
form the robust nano-pillar PDMS composite thin ﬁlm, as shown in
Fig. S2. First, hard-PDMS (h-PDMS), which has relatively high hardness, was prepared using a mixture of trimethylsiloxy-terminated
vinylmethyl-siloxane-dimethylsiloxane (VDT-731, Gelest), Pt catalyst
(SIP6821.1, Gelest), 2,4,6,8-tetramethyltetravinylcyclotetra-siloxane
(87,927, Aldrich), and methylhydrosiloxanedimethyl-siloxane (HMS301, Gelest) copolymers. The mixture was then spin-casted on a PVC
template at 3000 rpm for 60 s. The spin-casted mixture was then
cured at 65 °C for 2 h (Fig. S2(b)). Secondly, soft-PDMS (s-PDMS), a
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mixture of Sylgard 184A and 184B, was poured on the h-PDMScoated PVC template as the backbone material. s-PDMS was then
cured at 65 °C for 4 h (Fig. S2(c)). Finally, the nano-pillar PDMS
composite thin ﬁlm was physically detached from the PVC template
(Fig. S2(d)) and observed by ﬁeld-emission scanning electron microscopy (FE-SEM) to conﬁrm successful fabrication.

2.3. Fabrication of nano-pillar Ni electrode
A nano-pillar Ni electrode was fabricated via Ni electrodeposition on a nano-hole patterned PVC template, as shown in
Fig. S3. In order to apply an electrical potential to the PVC template, a Ni seed layer with a thickness of 200 nm was deposited via
e-beam evaporation (Fig. S3(b)). The Ni-deposited PVC template
was then transferred to a bath-type electrodeposition system with
a power supply. Subsequently, the Ni-deposited PVC template and
Ni plate were set as the anode and cathode, respectively. Relatively
low pulsed currents (20 mA and 5 mA for forward and reverse
bias) were then applied between the Ni deposited PVC template
and the Ni plate to form a dense nano-pillar Ni electrode until a
thickness of 100 mm was achieved (Fig. S3(c)). Finally, the nanopillar Ni electrode was physically detached from the PVC template
(Fig. S3(d)).
The nano-pillar Ni electrode was analyzed via X-ray diffraction
(XRD) (Rigaku D/MAX-2500V/PC) using Cu-Kα radiation
(λ ¼1.54 Å); the oxidation of Ni was conﬁrmed based on the XRD
peaks of the nano-pillar Ni electrode observed at 2θ ¼44.51°,
51.85°, and 76.37°, corresponding to the (111), (200), and (220)
miller indices of Ni, as shown in Fig. 4. These results indicate that
the nano-pillar Ni electrode consisted purely of face-centered cubic (FCC) structured Ni and polycrystals. The data also indicate no
formation of a thick NiO ﬁlm on the Ni surface.

Fig. 3. Working principles for (a) ﬂat TENG, (b) np-Ni or np-PDMS TENG, and (c) i-TENG.
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3. Results and discussion
The i-TENG was operated in the typical vertical contact-separation mode and the device structure of the i-TENG was designed as shown in Fig. 1(a). For the top plate, a commercial Al
tape was attached on a square acrylic polymer sheet as the top
electrode. The rear side of the nano-pillar PDMS composite ﬁlm
was then attached to Al tape as a top contact material. For the
bottom plate, the nano-pillar Ni electrode was placed on a square
acrylic polymer sheet as both a bottom contact material and the
bottom electrode. To maintain adequate displacement between
the nano-pillar PDMS composite thin ﬁlm and the nano-pillar Ni
electrode, two acrylic polymer spacers were inserted between the
top and bottom acrylic polymer sheet with sufﬁcient space (approximately 0.5–1 mm). The Al tape and nano-pillar Ni electrode
were connected with Cu wire to measure the output voltage and
current. Fig. 1(b) shows the interlocked interface formed between
the nano-pillar Ni electrode and nano-pillar PDMS composite thin
ﬁlm. The size of both nano-pillar structures was similar (diameter:
0.5 mm, pitch: 1 mm, height: 2 mm, and square array) due to replication of the same PVC template.
Prior to measurement and analysis of the four different kinds of
TENGs, the output voltages of the TENGs were calculated by using
the ﬁnite element simulation tool (COMSOL Multiphysics), as
shown in Fig. 2. In this simulation work, tribo-charge density is
assumed as 13.2 μC/m2 for the four different kinds of TENG. The
output voltage of the ﬂat TENG was calculated as  10 V, as shown
in Fig. 2(a). For the np-Ni TENG, the output voltage was expected
to increase to  25 V, which is a higher value than that of the ﬂat
TENG (Fig. 2(b)). In the case of the np-PDMS TENG, a similar
output voltage (approximately 25 V) was also predicted as shown
in Fig. 2(c). An enormous increase in the output voltage was expected for the i-TENG, as shown in Fig. 2(d). The output voltage of
the i-TENG was calculated as  42 V, which is superior to that of
the other three kinds of TENGs. This increase is attributed to the
surface morphology.
To explain the effect of the surface morphology, the working
principles of the TENGs are illustrated in Fig. 3. In the case of the
ﬂat TENG, the surfaces of Ni and PDMS were in normal contact in
the vertical contact-separation mode, thereby generating normal
friction (Fig. 3(a)). For the np-Ni or np-PDMS TENG, the nano-pillar
Ni or nano-pillar PDMS structure provides a large contact area
compared with that of the ﬂat TENG. Ideally, the contact between
two surfaces is larger than the contact between ﬂat and rough
surfaces in condensed matter. In the real scenario, however, perfect contact between two ﬂat surfaces is very difﬁcult due to
various reasons, such as the difﬁculty in fabricating an extremely
smooth surface, contact valence of the left and right side, and so
on. Generally, it is well-known that a rough surface provides a
larger contact area than a smooth surface [24]. Additionally, the
shear friction increased because of the nano-pillar structure of Ni
or PDMS, which induced high output power (Fig. 3(b)). In the case
of the i-TENG, an interlocked interface was formed between the
nano-pillar Ni electrode and the nano-pillar PDMS composite thin
ﬁlm upon contact, as shown in Fig. 3(c). Subsequently, normal and
shear friction between the interface of the nano-pillar Ni and the
beetle-wing-like nano-pillar PDMS led to efﬁcient charge separation. Furthermore, the contact surface area between Ni and PDMS
also increased in comparison with that of the other TENGs, which
can lead to high output voltage. Thus, it is thought that the output
voltage from the i-TENG is maximized due to the large surface
contact area and frictional force.
Fig. 4 presents the output voltage and current of four different
kinds of TENG devices in the vertical contact-separation mode,
operated with an applied force of 10 kgf at a frequency of 3 Hz. The
ﬂat TENG (Fig. 4(a)) gave rise to an output voltage of

approximately 8 V when the ﬂat Ni and ﬂat PDMS were brought
into contact and separated. In the case of the np-Ni TENG and npPDMS TENG, the output voltages increased to more than twice that
of the ﬂat TENG, with respective values of  17 V and  20 V. For
the two different kinds of nano-pillar TENGs, a difference in the
output voltage could be expected due to the difference in the
surface contact area between Ni and PDMS. In the case of np-Ni
TENG, the nano-pillar structure of Ni is harder than that of PDMS,
which makes deformation difﬁcult. Thus, the np-PDMS TENG
should have a slightly larger surface contact area during contact
and separation and a slightly higher output voltage compared to
the np-Ni TENG. For the i-TENG, the output voltage was approximately 100 V, which is the highest value achieved for the four
different kinds of TENGs. This high value is attributed to the interlocked interface of the nano-pillar Ni electrode and PDMS
composite thin ﬁlm, which generates the largest surface contact
area and frictional force. When the nano-pillar Ni electrode and
nano-pillar PDMS composite thin ﬁlm make contact as shown in
Fig. S5, normal as well as shear friction is generated, leading to a
higher output voltage due to triboelectriﬁcation. Notably, based on
the principle on which the i-TENG operates, shear friction is a
relatively important factor for triboelectriﬁcation compared with
the case of the ﬂat TENG since there is a remarkable increase of the
shear friction in the i-TENG. The output voltages for the four

Fig. 4. Output (a) voltages and (b) currents for four different types of TENG devices.
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different kinds of TENGs exhibited a similar tendency to the calculated results presented in Fig. 2, ranking in descending order as:
i-TENG, np-PDMS TENG, np-Ni TENG, and ﬂat TENG.
The output currents of the four different kinds of TENGs are
shown in Fig. 4(b). The trend exhibited by the output currents was
the same as that of the output voltages. For the ﬂat TENG, an
output current of 0.5 μA ﬂowed through the external circuit when
Ni and PDMS were brought into contact and separated. In the case
of the np-Ni and np-PDMS TENGs, the output voltages were about
1.2 μA and 1.4 μA, respectively. Compared with these three kinds
of TENGs, the i-TENG exhibited a remarkably increased output
current of up to 23 μA. The output current of the i-TENG was also
due to the interlocked interface. In addition, reliability of interlocked interfaces were investigated as shown in Fig. S6, which
present the robust generation of output power without signiﬁcant
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variation after 3,000 cycles of power generation. We conﬁrmed
that this interlocked interface can positively inﬂuence the output
power by controlling the interface of the contact material, which
makes it potentially possible to achieve high output power at the
level applicable to the self-powered systems of nano-/microelectronic devices.
In order to prove the effect of the interlocked interface, three
different kinds of Ni electrodes, including two kinds of nano-dot
and micro-cone patterns, were fabricated using Ni electro-deposition on a PVC template. Fig. 5(a) and (b) show the nano-dot#1
and #2 electrodes with a height of 200 nm, a half pitch for diameter, and square array. The nano-dot#1 and #2 Ni electrodes had
respective pitches of 400 nm and 600 nm. Fig. 5(c) shows the
micro-cone Ni electrode with a bottom diameter of 2.5 mm, a
height of 1.5 mm, a pitch of 3 mm, and hexagonal array. These

Fig. 5. SEM micrographs of (a) nano-dot#1 Ni, (b) nano-dot#2 Ni, and (c) micro-cone Ni electrodes and output voltages of (d) nd#1 Ni TENG, (e) nd#2 Ni TENG, and (c) mc Ni
TENG.

Fig. 6. (a) Charging characteristics of commercial capacitor based on output electricity generated by ﬂat TENG and i-TENG with vibration of 10 Hz. Charging characteristics of
commercial capacitor based on output electricity generated by ﬂat TENG and i-TENG with vibration of 10 Hz. Discharging process for charged capacitor used for LED lighting:
(b) setup state, operating state; (c) capacitor charged by ﬂat TENG; and (d) i-TENG.
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electrodes were assembled with the nano-pillar PDMS composite
thin ﬁlm as a dual-side structured TENG, including nano-dot#1 Ni
TENG (nd#1 Ni TENG), nano-dot#2 Ni TENG (nd#2 Ni TENG), and
micro-cone Ni TENG (mc Ni TENG). The output voltage of these
three kinds of TENGs were evaluated to conﬁrm the effect of the
surface structure and to compare the difference between the interlocked interface and the other structures. The output voltage
trends for nd#1, nd#2, and mc Ni TENG are summarized in Fig. 5
(d),(e) and (f). For the nd#1 Ni TENG, the output voltage was
21 V, which is similar to that of the np-PDMS TENG. In the case
of the nd#2 Ni TENG, the output voltage was  38 V. The output
voltage of the mc Ni TENG was  42 V. These output voltages were
similar or slightly higher than those of the ﬂat, np-Ni, and npPDMS TENGs. Compared with the i-TENG, however, the TENGs had
lower output voltages. These results indirectly conﬁrm the effectiveness of the interlocked interface.
Fig. 6(a) shows the charging characteristics of a commercial
capacitor with the ﬂat TENG and i-TENG to conﬁrm the potential
as a self-powered system for nano-/micro-devices. The commercial capacitors were charged for 200 s using the ﬂat TENG and
i-TENG. The stored energy in the capacitor was compared by
analysis of the electrical potential (voltage). For the same charging
time of 150 s, it was possible to charge the capacitor to over 1 V for
the i-TENG, whereas for the ﬂat TENG, the energy stored was less
than 0.2 V. Thus, the i-TENG had a ﬁve-fold higher efﬁciency for
the charging process than the ﬂat TENG. In addition, the stored
energy from the ﬂat TENG and i-TENG were compared by illumination of LEDs. Fig. 6(b), (c) and (d) show the illumination of the
LEDs from a charged capacitor by using the ﬂat TENG and i-TENG.
Four LEDs were connected in series to increase the required voltage, as shown in Fig. 6(b) (setup state). The four LEDs connected
in series were directly illuminated from capacitors charged by the
ﬂat TENG and i-TENG, as shown in Fig. 6(c) and (d), respectively.
By comparison of the two different operation states, we demonstrate that the capacitor charged by the i-TENG led to brighter illumination of the LEDs compared with that charged by the ﬂat
TENG. These results indicate that the interlocked interface can
potentially be used as an effective method for fabricating a highly
efﬁcient TENG for self-powered systems for nano-/micro-devices.

4. Conclusions
In conclusion, we have demonstrated the high-electrical power
generation performance of an i-TENG based on an interlocked
interface, inspired by nature. The i-TENG was applied to a nanopillar Ni electrode and nano-pillar PDMS composite thin ﬁlm,
fabricated via electrodeposition of Ni and by nano-molding of
PDMS on a nano-hole PVC template. A high output voltage of
100 V and a current of 23 μA were achieved with the i-TENG,
whereas the output voltage and current were only 8 V and 0.5 μA,
respectively, for the ﬂat TENG under the same mechanical compressive force of 10 kgf. Furthermore, the trend predicted by simulation was consistent with that of the measurements, even
though the absolute output power values differed. Finally, the ﬂat
and i-TENG were used to charge a commercial capacitor as an
example of real application. The capacitor charged by the i-TENG
had a higher charging rate (over ﬁve times than that of the ﬂatTENG) for a given charging time. We also conﬁrmed that the capacitor charged with the i-TENG illuminated LEDs more brightly
than the capacitor charged using the ﬂat-TENG. Therefore, we
propose that the concept of the interlocked interface is potentially
applicable for development of highly efﬁcient TENGs and selfpowered systems as a power sources.
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