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Abstract: With the continual increasing application requirements of broadband vibration energy
harvesters (VEHs), many attempts have been made to broaden the bandwidth. As compared
to adopted only a single approach, integration of multi-approaches can further widen the
operating bandwidth. Here, a novel two-degree-of-freedom cantilever-based vibration triboelectric
nanogenerator is proposed to obtain high operating bandwidth by integrating multimodal harvesting
technique and inherent nonlinearity broadening behavior due to vibration contact between triboelectric
surfaces. A wide operating bandwidth of 32.9 Hz is observed even at a low acceleration of 0.6 g.
Meanwhile, the peak output voltage is 18.8 V at the primary resonant frequency of 23 Hz and 1 g,
while the output voltage is 14.9 V at the secondary frequency of 75 Hz and 2.5 g. Under the frequencies
of these two modes at 1 g, maximum peak power of 43.08 µW and 12.5 µW are achieved, respectively.
Additionally, the fabricated device shows good stability, reaching and maintaining its voltage at 8 V
when tested on a vacuum compression pump. The experimental results demonstrate the device has
the ability to harvest energy from a wide range of low-frequency (<100 Hz) vibrations and has broad
application prospects in self-powered electronic devices and systems.

Keywords: triboelectric nanogenerator; two-degree-of-freedom; vibration; broadband;
low-frequency; multimode

1. Introduction

As a result of the rapid development of information technology and the electronics industry,
many small-scale electronic devices with low power consumption have emerged. Energy harvesting
technology that converts the ambient available energy into electrical energy to power these devices is
the best way to overcome the limitation of traditional battery power supply [1–4]. Mechanical vibration
energy, as compared with other kinds of existing energy sources, is the most ubiquitous and popular
in our daily life [5]. With the help of electromechanical mechanisms, including piezoelectric [6,7],
electrostatic [8,9], electromagnetic [10,11], and triboelectric [12–16], wasted mechanical energy from
vibrations is transformed into useful electrical power.
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Currently, most vibrational energy harvesters (VEHs) are usually designed as resonance systems
for higher power output. However, one of the main problems for VEHs with the resonant behavior is
the narrow operating bandwidth. Thus, when operated under irregular mechanical vibration sources
with low and variable frequencies, most VEHs yield very low and irregular output power, which
lowers their practical application possibilities.

To solve the problem of narrow bandwidth, many researchers have demonstrated some broadband
harvesters by applying multimodal harvesting technique [17–23]. Multimodal energy harvesters are
considered more efficient in matching multiple frequencies to better utilize kinetic energy. Sari et al. [17],
Liu et al. [18], and Qi et al. [19] reported the use of multiple cantilevers or a cantilever array as one
solution to increase the bandwidth. However, this type of energy harvester has the disadvantage of
being bulky and complex in structure, thus overshadowing its advantages in broadband behavior.
Another multimodal system was developed with multiple bending modes in a continuous beam,
rather than using arrays of cantilevers configuration [20–23]. Ou et al. presented a broadband energy
harvester with a two-mass cantilever beam structure [20]. Due to the addition of an extra mass, two
useful working modes can be obtained. Arafa et al. developed a two-degree-of-freedom (2DOF)
cantilever-based piezoelectric generator which used the proof mass as a dynamic amplifier [21].
However, the multimodal harvester only increases the number of peak amplitudes, and the bandwidth
of each peak is relatively narrow, which still causes a sharp drop in power generation when the
excitation vibration frequency does not match the natural frequency of the harvester.

Meanwhile, other researchers have adopted different nonlinearities to enhance wideband energy
harvesting, especially impact-induced nonlinearity. In this case, a mechanical stopper is usually
mounted on these devices, which is used to limit the motion amplitude of vibrations, resulting in
nonlinear stiffness. Soliman et al. [24] developed a broadband microelectromagnetic energy harvester
by changing the stiffness of the resonator with a mechanical stopper. On the basis of a similar
idea, Liu et al. [25,26] also realized broadband piezoelectric MEMS energy harvesters by using the
assembled metal package and cantilever as mechanical stoppers. Although the above electromagnetic
and piezoelectric energy harvesters realize the wideband mechanism, the approach needs special
arrangements of stoppers.

Unlike other energy harvesting technologies, vibration triboelectric nanogenerator (VTENG) has
the inherent nonlinear characteristic between the triboelectric layers due to the working mechanism
involving repeated contact and separation, which makes it well suited for broadband operation using
impact vibration energy harvesting. Furthermore, the triboelectric mechanism shows other advantages
including simple structure, low cost, high energy conversion efficiency, and outstanding output
power density [27,28]. In recent years, many VTENGs with impact nonlinearity have been proposed
and the three main types of these devices are based on helical coil springs [29,30], fixed-fixed beam
springs [31,32], and cantilever beam springs [33–35]. However, almost all of the researchers working
on VTENG with impact nonlinearity have focused on the 1DOF vibration system, and therefore the
operating bandwidth of these proposed devices is still limited.

In this study, a novel VTENG with a compact 2DOF cantilever structure is proposed to achieve
wide operating bandwidth at low frequency by integrating the multimodal harvesting technique and
the inherent impact-engaged nonlinearity due to the mutual contact of triboelectric surfaces caused
by the cantilever motion. The fabrication of the designed VTENG is discussed and the effects of
different PDMS microstructures on the output performance of triboelectric devices are studied. Finally,
the output performance of the fabricated device with typical dimensions is tested and evaluated.

2. Design and Analysis

2.1. Device Configuration

As shown in Figure 1, the schematic structure of the designed broadband VTENG is a cantilever
structure (including one main beam and one inner secondary beam) comprised of two top parts
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attached at the ends of the main and secondary beams as proof masses, and two corresponding bottom
parts. The energy is conversed when the triboelectric layers on the top and bottom parts contact and
separate periodically. The top part is comprised of both a glass substrate and an aluminum thin film
as one triboelectric layer and a top electrode on the substrate, while the bottom part is comprised of
a PDMS thin film with microstructures as another triboelectric layer, an aluminum thin film as the
bottom electrode, and a glass substrate. Meanwhile, as shown in Figure 1, the designed VTEH consists
of two triboelectric elements. Here, the two triboelectric elements are called the main triboelectric
nanogenerator (TENG) including top part-1 and bottom part-1, and the secondary TENG including
top part-2 and bottom part-2. Once the base of the VTENG starts to vibrate, the main beam and
secondary beam act as a spring of the main TENG and the secondary TENG, respectively, to transfer
the vibrational energy from environment to active triboelectric surfaces.
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2.2. Principle of Operation

As mentioned above, the VTENG includes the main TENG and secondary TENG, and their
working principle is the coupling effect of contact charging and electrostatic induction, the detailed
process is shown in Figure 2. In the initial configuration, before applying the mechanical vibration,
the top and bottom parts maintain a separation distance without any prior charges. When the
mechanical vibration is applied, the top part contacts the bottom part where the two surfaces of top
aluminum and PDMS with microstructures rub each other and electrification starts. Because aluminum
is much more triboelectrically positive than PDMS, the aluminum surface will be positively charged
and the PDMS surface with microstructures will be negatively charged (Figure 2, Stage 1). Once the
top part begins to separate from the fixed bottom part, as a result of the vibrating motion of the beams,
the electrons transferred from the bottom aluminum beneath the PDMS layer to the aluminum layer
of the top part (opposite to the current direction shown in Figure 2, Stage 2). This current continues
until the distance between the top part and bottom part reaches maximum where the beams reach the
other end of the vibration period (Figure 2, Stage 3). At this time, the electrons stop flowing due to
the electrostatic equilibrium. Thereafter, the top part begins to move closer to the bottom part, which
breaks the electrostatic equilibrium between the two parts. The electrons start flowing in the opposite
direction because of the potential difference (Figure 2, Stage 4). Most of the positive charges on the
bottom aluminum electrode flow back to the top aluminum electrode at the moment when the top and
bottom parts contact again (Figure 2, Stage 1).
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2.3. Theoretical Analysis

In the aforementioned process, the VTENG works at a vertical contact-separation mode and the
potential difference between the aluminum electrodes for the main TENG or secondary TENG can be
calculated as [36]:

V = −
Q

Sε0
(
δ
εP

+ d + zi(t)) +
σ(d + zi(t))

ε0
(1)

where Q is the charge transferred through the external circuit, S is the contact area of the triboelectric
layers, ε0 is the dielectric constant of air, εP is the relative dielectric constant of PDMS, δ is the thickness
of the patterned PDMS thin film, d is the initial distance between top electrode and top surface of the
PDMS film, zi(t) is the relative displacement of the top electrode with respect to PDMS layer, and σ is
the surface charge density of the patterned PDMS film.

When the VTENG works in the vertical contact separation mode, the vibration system has two
motion states, i.e., before impact when Zi(t) < d and at impact when Zi(t) > d. The frequency response
characteristics of a similar 1DOF VTENG with impact nonlinearity have already been fully revealed by
previous studies [29–31]. According to these studies, we know that the relative displacement amplitude
in free vibration and the natural frequency of the driving beam itself are two important parameters.
This is because the relative displacement amplitude is related to the operating bandwidth and output
performance of the device, and the natural frequency of the drive beam determines the range of the
frequency. Therefore, here, we mainly investigate the effects of various system parameters on the
relative displacement amplitude before impact and the natural frequency of the system to provide an
important design guideline.

The vibrational model of the proposed VTENG can be regarded as a 2DOF lumped-mass system
subjected to base excitation under a no-impact state, as shown in Figure 3, which consists of the
main mass m1 and secondary mass m2, mechanical damping η1 and η2, and spring stiffness k1 and k2.
The governing equations of this 2DOF system can be derived as:{

m1 ·
..
u1 + η1 · (

.
u1 −

.
u0) + k1 · (u1 − u0) − η2 · (

.
u2 −

.
u1) − k2 · (u2 − u1) + Fe1 = 0

m2 ·
..
u2 + η2 · (

.
u2 −

.
u1) + k2 · (u2 − u1) + Fe2 = 0

(2)

where u0, u1, and u2(t) are the displacements of the base, mass m1, and mass m2, respectively; Fe1 and
Fe2 are the electrostatic forces of the triboelectric element-1 and element-2 (i.e., the main TENG and
secondary TENG of the device), respectively, which can be given by [31,37]:

Fe1 =
εPε0S1V1

2

2(u1 − u0)
2 Fe2 =

εPε0S2V2
2

2(u2 − u0)
2 (3)
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where S1 and S2 are the contact areas of the main TENG and secondary TENG, V1 and V2 are the output
voltages of the two TENGs, and R1 and R2 are the load resistance of the two triboelectric elements.
The modeling mainly aims to display the mechanism for two comparable peaks that are obtained
at two resonant low frequencies by carefully controlling the spring-mass parameters. Therefore,
the triboelectric forces (Fe1 and Fe2) will not be considered in the current study. Meanwhile, it is
obvious that zi (t) (i = 1, 2) in Equation (1) is the relative displacement of the inertial mass m1 and m2,
respectively, i.e., z1(t) = u1 − u0 and z2(t) = u2 − u0. Rearranging them to Equation (2), we now obtain:{

m1 ·
..
z1(t) + η1 ·

.
z1(t) + k1 · z1(t) + m2 ·

..
z2(t) = −(m1 + m2) ·

..
u0

m2 ·
..
z2(t) + η2 ·

.
z2(t) + k2 · z2(t) = η2 ·

.
z1(t) + k2 · z1(t) −m2 ·

..
u0

(4)

Letting

ω1 =

√
k1

m1
, ω2 =

√
k2

m2
, ζ1 =

η1

2
√

k1m1
, ζ2 =

η2

2
√

k2m2
, µ =

m2

m1
, α =

ω2

ω1
,β =

ω
ω1

(5)

Applying Laplace transform to Equation (4), solving it and applying s = jω, the relative
displacements of the inertial mass m1 and m2 can be obtained as

z1(t) =

 (1+µ− β2

α2+ j2ζ2αβ
)

1−(1+µ)β2+2 jζ1β+
β4−β2− j2ζ1β

3

α2+ j2ζ2αβ

β2u0

z2(t) =

 (1+µ−
β2

α2+ j2ζ2αβ
)(α2+ j2ζ2αβ)+(1−(1+µ)β2+2 jζ1β+

β4
−β2
− j2ζ1β

3

α2+ j2ζ2αβ
)

(α2+ j2ζ2αβ−β2)(1−(1+µ)β2+2 jζ1β+
β4−β2− j2ζ1β

3

α2+ j2ζ2αβ
)

β2u0

(6)

As shown in Equations (1)–(6), the parameters affecting the performance of the proposed VTENG
include material properties of triboelectric layers, the mass ratio m2/m1, the natural frequency ratio
ω2/ω1, and the damping ratios ζ1 and ζ2, etc. Here, m1 and m2 are the masses of top part-1 and top
part-2 of the designed VTENG, and ω1 and ω2 can be adjusted by changing the parameters of m1, m2,
k1, and k2. This provides a qualitative reference of the design of 2DOF VTENG.
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In this work, our objective is to design a VTENG with a 2DOF cantilever structure that provides
two resonant peaks so that it can achieve a wide operating bandwidth at low frequencies (<100 Hz).
Thus, it is especially important to design the VTENG parameters to meet the application in a specific
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frequency range. For the cut-out 2DOF system, the relatively precise formula for calculating the two
natural frequencies can be presented as [38]:

ω1 =


k11m2+k22m1

m1m2
−

√
(

k11m2+k22m1
m1m2

)
2
−4(

k11k22−k12k21
m1m2

)

2


1/2

ω2 =


k11m2+k22m1

m1m2
+

√
(

k11m2+k22m1
m1m2

)
2
−4(

k11k22−k12k21
m1m2

)

2


1/2 (7)

where the stiffness matrix can be obtained [39]:[
k11 k12

k21 k22

]
=

(6EI1)

(4EI1L1
3L23+3EI2L1

4L22

[
2EI1L2

3 + 2EI2L1
3 + 6EI2L1L2

2
− 6EI2L1

2L2 −2EI2L1
3 + 3EI2L1

2L2

−2EI2L1
3 + 3EI2L1

2L2 2EI2L1
3

]
(8)

where E is the material elastic modulus, L1 and L2 are the length of the main and the secondary beams,
respectively, and I1 and I2 are their cross-section moment. Ii (i = 1, 2) can be given as follows:

Ii =
WiTi

3

12
(i = 1, 2) (9)

where Wi and Ti (i = 1, 2) are the width and thickness of the two beams.
According to Equations (7)–(9), we obtain the relationship between the structural parameters of the

2DOF device and its two natural frequencies. The above qualitative analysis of structural parameters’
effect on the output performance and the quantitative calculation on natural frequencies form the
theoretical basis for designing the device. Meanwhile, the overall size of the device and the effective
area of triboelectric layers mounted on the two beams should also be considered comprehensively.
The detailed design parameters of the proposed 2DOF VTENG are shown in Table 1. On the basis of
the designing parameters, the theoretical primary and secondary resonant frequencies are calculated
as 23.932 and 87.595 Hz, respectively.

Table 1. Design parameters of proposed 2DOF VTENG.

Component Design Parameter Value

Main beam
Length (L1) 60 mm
Width (W1) 4.85 mm

Thickness (T1) 0.8 mm

Secondary beam
Length (L2) 30 mm
Width (W2) 10 mm

Thickness (T2) 0.8 mm

Top part-1 Length * width 20 mm * 20 mm

Glass/aluminum thickness 1 mm/0.2 µm

Top part-2 Length * width 10 mm * 10 mm

Glass/aluminum thickness 1 mm/0.2 µm

Bottom part-1 Length * width 20 mm * 20 mm

PDMS/aluminum/glass thickness 0.3 mm/0.2 µm/1 mm

Bottom part-2 Length * width 10 mm * 10 mm

PDMS/aluminum/glass thickness 0.3 mm/0.2 µm/1 mm

Moreover, the first two resonant frequencies of the 2DOF cantilever for the designed VTENG are
simulated by ANSYS Workbench software. Figure 4 shows the predicted first two vibration modes. The
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resonant frequencies from the primary and second mode are 21.711 Hz and 86.103 Hz, respectively, both
of which are less than 100 Hz, meeting the design requirement of less than 100 Hz. The FEM simulated
values are basically consistent with the calculated values of 23.932 Hz and 87.595 Hz. The small
difference may be due to the fact that the mass of the beams themselves are not taken into account
during the theoretical calculation. Meanwhile, as shown in Figure 4, both of the primary and secondary
mode shapes are the normal mode, and the main beam and secondary beam vibrate perpendicular
to the plane of the system during the two modes, respectively. Additionally, in the primary and
secondary modes, the maximum displacements occur at the free end of the main and secondary
beams, respectively. This indicates that the main TENG of the VTENG can operate effectively at the
primary response frequency, whereas the secondary TENG can operate effectively at the secondary
response frequency.
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2.4. Fabrication Process

The fabrication of the designed VTENG requires separate preparation of the cantilever with the
main and secondary beams, top parts, bottom parts, and their assembling.

For the bottom parts of the VTENG, the fabrication process flow is shown in detail in Figure 5.
As shown in Figure 5i, to prepare patterned PDMS, the process began with a 450 µm thick silicon
substrate. First, the silicon wafer micro mold was fabricated using an ultraviolet laser cutting process.
A commercial ultraviolet laser system (M355, Shenzhen Han’s laser co., Ltd., CHN.) was used for
micromold fabrication and a computer design software was used to build and control the shape and
size of microstructures on the silicon wafer substrate. The laser cutting parameters include a scanning
speed of 500 mms−1 and an interhole distance of 0.2 mm at a constant laser power of 5 W. With the
help of an ultrasonic technique, the molds were cleaned by using acetone and deionized water. Next,
the PDMS solution was prepared by mixing the base resin and curing agent (Sylgard 184A, Dow
Corning Co.) in a 10:1 weight ratio eliminating air bubbles in a vacuum for 1 h. Then, the PDMS
solution was spin coated on the silicon mold at a speed of 650 r/min for 75 s and cured thermally at
90 ◦C for 2 h. Once it cooled to room temperature, patterned PDMS film was peeled off the silicon
mold. The PDMS film with microstructures was then bonded on a glass substrate coated with a 200 nm
thick Al film which acted as the bottom electrodes for the VTENG, as shown in Figure 5ii. For bonding,
one layer of uncured PDMS as an intermediate adhesive bonding layer was spin coated on a glass with
Al film. When the patterned PDMS and the glass with Al film were bonded together face to face, they
were cured again at 90 ◦C for 2 h. Figure 6 shows the optical images of the fabricated PDMS films with
three kinds of different microstructures on top of a glass with Al film. From Figure 6, we can clearly
see the three PDMS pattern arrays, namely, square, circle, and triangle micropillars. The shape and
sizes of the microstructures can be well controlled by changing the initial patterns on the surface of the
silicon mold.

The cantilever was 3D printed using polylactic acid (PLA). For the top part, the 0.2 µm Al was
sputtered on a glass substrate with the thickness of 1 mm as both a positive triboelectric layer and top
electrode. After fabrication of the cantilever and top parts, the two fabricated top parts (top part-1 and
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top part-2) were fixed on the tips of the main and secondary beams (Figure 1), respectively. Finally,
the fabricated cantilever with two top parts and bottom parts were fixed to the vibration input source.Electronics 2019, 8, 1526 8 of 18 
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3. Testing and Discussion

3.1. Testing Setup

During the VTENG characteristic testing, a vibration testing system is assembled, as shown
in Figure 7. It is comprised of a vibrator (JZK-5), waveform generator (33205A), power amplifier
(YE5971A), acceleration monitor (YE5932B), resistance box (ZX99-1A), and oscilloscope (MDO3000).
The fabricated device and the acceleration monitor are mounted on the vibrator. The waveform
generator and power amplifier are used to control the vibration frequency and amplitude of the
vibrator, and the acceleration of vibrator is monitored by the acceleration monitor. The resistance box
is used to provide variable resistance to investigate the relationship between external resistance and
output characteristic of the device. The electrical output of the device is recorded by an oscilloscope
with the probe impedance of 100 MΩ.
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3.2. Tip Amplitudes of the VTENG without Bottom Parts Assembly

It is well known that gap distance between triboelectric layers is an important parameter that must
be considered when assembling the device. Thus, the tip amplitudes from the main and secondary
beams of the VTENG without bottom parts assembly were measured first. A laser micro-displacement
measuring system (LTS-025-02) was used to evaluate the tip displacements of the main and secondary
beams of the fabricated VTEHs versus the excitation frequency.

Figure 8 shows the measured tip amplitudes versus vibrating frequencies under different
accelerations before the impact happens. The testing result indicates that the primary and secondary
resonant frequencies of the VTENG are 23 Hz and 75 Hz, both of which are in the low-frequency range
of less than 100 Hz. The measured resonant frequencies have small deviations from those obtained
by FEM simulation and theoretical calculation, which is mainly caused by the cantilever fabrication
process and the air damping effect. As mentioned above, the cantilever is 3D printed by using PLA and
the material compactness of 3D printing affects the properties of the material, making the parameter
settings inconsistent with the actual conditions in the FEM simulation. Therefore, the discrepancy can
be effectively reduced by more accurately setting the simulated material parameters according to the
actual situation in the following development.Electronics 2019, 8, 1526 10 of 18 
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In addition, from Figure 8, tip amplitude from the main beam is much larger at the primary
resonant frequency than that at the secondary resonant frequency, while tip amplitude of the secondary
beam shows the opposite behavior. This means that the main TENG operates mainly around the
primary resonant frequency, while the secondary TENG works mainly around the secondary resonant
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frequency. This result agrees well with the results of FEM simulation. As shown in Figure 8a, at the
primary resonant frequency, the tip amplitude of the main TENG increases with vibration acceleration
and when the vibration acceleration increases from 0.2 to 1.0 g, the tip amplitude is 7, 7.9, 12.1, 18.1,
and 23.2 mm, respectively. At the secondary resonant frequency, the relationship between the tip
amplitude of the secondary TENG and acceleration are similar to that of the main TENG at the primary
resonant frequency, as demonstrated in Figure 8b. When the acceleration increases from 0.2 g to 1.0 g,
the tip amplitude of the secondary TENG is 2.5, 3.9, 5.9, 7.9, and 8.8 mm, respectively. Therefore,
according to the above-mentioned tip amplitude of the main and secondary beams, in order to ensure
that the VTENG can work effectively around both the primary and secondary resonant frequencies
for broadband operation under a low exciting acceleration level of 0.2 g, the gap distance between
triboelectric layers when assembling the device should not exceed 2.5 mm.

3.3. Effect of Different PDMS Microstructures Configuration

In order to study the output performance of the VTENG, the comparative characterization was
performed on devices with four different PDMS microstructures in detail. Figure 9 shows the voltages
of the main TENG and secondary TENG from the VTENGs with the following four different PDMS
microstructures: none (no microstructure plane), square, circle, and triangle. The size of each of
the single PDMS microstructures can be found in Figure 6. The result clearly demonstrates the
order of the output performance of both the main and secondary TENGs of different VTENGs as
none < square < circular <triangle. The dramatic increment in the output performance of the featured
devices over the none-featured device is mainly caused by the increasing of effective triboelectrification
and the resulting more surface charges. Meanwhile, the difference in output performance of the three
featured devices may be due to the difference in capacitance change during the contact-separation
process between triboelectric layers. The triangle-featured device has the largest area of air voids,
followed by the circle-featured device. The existence of a larger area of air voids is beneficial to
improve the effective dielectric constant, which results in an increase in the capacitance change during
operation [40]. Moreover, as shown in Figure 9, when the excitation acceleration is 1 g, the maximum
output voltage of the main TENG for triangle-featured device is up to 18.8 V at 23 Hz (the first resonant
frequency of the VTENG), while the maximum peak output voltage of the secondary TENG is up to
14.9 V at 75 Hz (the secondary resonant frequency of the VTENG) under the excitation acceleration of
2.5 g; however, the main TENG and the secondary TENG for none-featured device can only produce
the maximum peak voltages of 6.6 V and 5.0 V, respectively.

Electronics 2019, 8, 1526 10 of 18 

(a) (b) 

Figure 8. Tip amplitudes at different accelerations: (a) The main beam and (b) secondary beam. 

3.3. Effect of Different PDMS Microstructures Configuration 

In order to study the output performance of the VTENG, the comparative characterization was 
performed on devices with four different PDMS microstructures in detail. Figure 9 shows the 
voltages of the main TENG and secondary TENG from the VTENGs with the following four 
different PDMS microstructures: none (no microstructure plane), square, circle, and triangle. The 
size of each of the single PDMS microstructures can be found in Figure 6. The result clearly 
demonstrates the order of the output performance of both the main and secondary TENGs of 
different VTENGs as none < square < circular <triangle. The dramatic increment in the output 
performance of the featured devices over the none-featured device is mainly caused by the 
increasing of effective triboelectrification and the resulting more surface charges. Meanwhile, the 
difference in output performance of the three featured devices may be due to the difference in 
capacitance change during the contact-separation process between triboelectric layers. The 
triangle-featured device has the largest area of air voids, followed by the circle-featured device. The 
existence of a larger area of air voids is beneficial to improve the effective dielectric constant, which 
results in an increase in the capacitance change during operation [40]. Moreover, as shown in 
Figure 9, when the excitation acceleration is 1 g, the maximum output voltage of the main TENG for 
triangle-featured device is up to 18.8 V at 23 Hz (the first resonant frequency of the VTENG), while 
the maximum peak output voltage of the secondary TENG is up to 14.9 V at 75 Hz (the secondary 
resonant frequency of the VTENG) under the excitation acceleration of 2.5 g; however, the main 
TENG and the secondary TENG for none-featured device can only produce the maximum peak 
voltages of 6.6 V and 5.0 V, respectively.  

(a) (b) 

Figure 9. Comparison of characterization of the VTENG with different microstructures: (a) Output
voltage from the main TENG and (b) output voltage from the secondary TENG.



Electronics 2019, 8, 1526 11 of 18

3.4. Broadband Behavior of VTENG

The broadband behavior of the device is evaluated by measuring output voltages of the main
TENG excited at a frequency range around the first resonance frequency of 23 Hz and secondary
TENG excited at a frequency range around the second resonant frequency of 75 Hz. As we can see
in Figure 10a,b, when the acceleration increases from 0.3 g to 1.2 g in steps of 0.3 g, the peak output
voltage of the main TENG around the first resonant frequency of 23 Hz is 5.3, 9.1, 15.9, and 20 V, while
the peak output voltage from the secondary TENG around the second resonant frequency of 75 Hz is
2.9, 4.9, 6.5, and 7.8 V. The maximum output voltages of both the main and secondary TENGs increase
with increasing vibration acceleration. The increased contact force between top and bottom parts
is the reason behind this phenomenon. Higher contact force leads to the increased deformation of
the PDMS, resulting in increased contact area between the triboelectric layers [34]. Meanwhile, it is
noted that the output performance of the main TENG is significantly better than that of the secondary
TENG. The larger output voltage (on 100 MΩ) of the main TENG can be attributed to the fact that both
the amplitude and effective contact area of the main TENG are greater than those of the secondary
TENG under the same acceleration conditions. The larger amplitude will result in a larger contact
force when two triboelectric layers impact together, which will cause the effective contact area between
triboelectric layers to increase [30]. Furthermore, the nonlinearity effect in the cantilever stiffness due to
the contact between triboelectric layers is expected to increase the working bandwidth of the VTENG.
Here, in order to judge the working broadband behavior of the VTENG, the full width at half maximum
bandwidth is utilized. From Figure 10a,b, we can also observe that the operating bandwidth of the
main TENG is increased from 3.5 Hz at 0.3 g to 15.1 Hz (around 23 Hz) at 1.2 g, while the operating
bandwidth of the secondary TENG is increased from 3.1 Hz at 0.3 g to 12.5 Hz (around 75 Hz) at 1.2 g.
The working bandwidths of both the main and secondary TENGs are increased with an increased
vibration acceleration level. The reason is that a larger input vibration acceleration results in a larger
amplitude of the cantilever and a corresponding impact effect between the triboelectric layers, thus
providing a widening operable frequency range of the main and secondary TENGs [29].
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In order to study the influence of the gap distance on the output performance of the VTENG,
corresponding experiments are conducted where both the main TENG and secondary TENG of the
device are connected with the external circuit in a parallel manner. The results of changes in gap
distance at 0.6 g and the frequency range of 0.5 Hz to 95 Hz are shown in Figure 10c. At around the
primary resonant of 23 Hz, when the gap distance is 2.0, 1.5, 1.0, and 0.5 mm, the working bandwidth
of the device is 5, 9.7, 11.5, and 14.9 Hz, respectively, while the corresponding maximum peak output
voltage is 9.1, 7.7, 6, and 4.9 V, respectively. At around the secondary resonant of 75 Hz, as gap
distance increases from 0.5 mm to 2.0 mm, the working bandwidth decreases from 18 Hz to 5 Hz,
while the corresponding maximum peak output voltages increases from 2.7 V to 4.9 V. Thus, it is
worth noting that the total operating bandwidth of the VTENG can reach up to 32.9 Hz at a low
acceleration of 0.6 g (in the frequency range of less than 100 Hz) when the gap distance is 0.5 mm.
The broadband performance of the device is listed and compared with other published TENGs in
Table 2. This indicates that the operating bandwidth of our device has comparable performance. It is
the integration of inherent nonlinearity caused by top and bottom parts impacting and nearby two
resonant frequencies of the cantilever, that makes the VTENG capable of harvesting energy from a
wide range of frequencies. Moreover, it can be concluded that the output voltage increases as the gap
distance increases, but the operating bandwidth decreases. This is because a higher gap distance can
increase the moving distance of the concentrated masses (i.e., top part-1 and top part-2 of VTENG),
thereby increasing the impacting effect between top and bottom parts, resulting in a larger output
voltage [31]. Meanwhile, as observed, the frequency around the primary and secondary resonant
frequency at which highest voltage is obtained are shifted to the left when the gap distance increases.

Table 2. Comparison among our device and other published TENGs with operating bandwidth.

Author Approaches to Improve
Bandwidth

Acceleration
(g)

Resonant
Frequency (Hz)

Operating
Bandwidth (Hz)

Ibrahim et al. [28] Nonlinear stiffening 1.0 g 20 Hz 18 Hz

Bhatia et al. [29] Tandem + nonlinear
stiffening 0.2 g 20 Hz, 27 Hz, 34

Hz, 40 Hz 25 Hz

Dhakar et al. [33] Nonlinear stiffening 1.0 g 31.5 Hz 11.9 Hz
Dhakar et al. [34] Nonlinear stiffening 1.4 g 24.5 Hz 22.05 Hz

Jeon et al. [41] Nonlinear stiffening 17.5 g 5 Hz 22 Hz

Tang et al. (this work) Multimodal + nonlinear
stiffening 0.6 g 23 Hz, 75 Hz 32.9 Hz
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3.5. Voltage and Power Characteristics

To investigate the electric power generation of the VTENG at the primary and secondary resonant
frequencies of 23 Hz and 75 Hz, the main TENG and secondary TENG are connected to different external
loads, then their output voltages are measured, and corresponding output powers are calculated at an
acceleration of 1 g. Here, the output powers can be calculated by the following formula:

P =

(Vpeak
√

2

)2

/R (10)

where Vpeak is the peak output voltage and R is the external resistance.
As illustrated in Figure 11a, the load voltage from the main TENG at the first resonant frequency

gradually increases with increasing external load, while the current follows an opposite trend.
The corresponding power output first increases until it reaches a peak of 43.08 µW at the optimal
matched resistance of 2 MΩ, and then decreases (Figure 11b). At the condition of the optimal resistance,
the peak voltage and current are 13.12 V and 6.56 µA, respectively. Meawhile, as the device works
at the second resonant frequency, the relationship between the output voltages, current, and powers
from the secondary TENG and the external loads are similar to those of the main TENG at the first
resonant frequency, as demonstrated in Figure 11c,d. The secondary TENG has the instantaneous peak
power of 12.5 µW at its optimal matched resistance of 0.7 MΩ, and the corresponding instantaneous
voltage and current are 4.18 V and 5.97 µA, respectively. Furthermore, the areal power density can be
defined as the output power of the main or secondary TENG divided by its effective area (the main
TENG 4 cm2 and the secondary TENG 1 cm2), respectively. Thus, the maximum peak areal power
densities of the main and secondary TENGs are 10.77 µW/cm2 and 12.5 µW/cm2, respectively. Both the
power densities of the main and secondary TENGs are higher than many reported cantilevers based
TENGs [29,31,34,42,43].
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Figure 11. VTENG output peak voltage, current, and power with resistances: (a) Output peak voltage
and current and (b) instantaneous power from the main TENG at 23 Hz. (c) Output peak voltage and
current and (d) instantaneous power with resistances from the secondary TENG at 75 Hz.
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3.6. Capacitor Charging Characteristics

In practical applications, since TENG generates AC power and the power is too small to directly
supply the load, a necessary step is needed to convert the AC output to DC power and store it in an
energy storage unit such as a capacitor. To evidence this capability, the main TENG or secondary
TENG with a rectifier and a capacitor are integrated into a circuit (see inset Figure 12a,b). For the
main TENG, the electrical output measurement is carried out at 1 g and exciting frequency of 23 Hz
(the primary resonant frequency), and the charging curves of capacitors with the capacitance of 1, 2.2,
3.3, 4.7, and 10 µF are illustrated in Figure 12a. The charged voltage for a 1 µF capacitor, can increase
to 2.19 V within 120 s, while the voltage for a 10 µF capacitor only can reach up to 0.37 V within
120 s. For the secondary TENG, the electrical output measurement is carried out at 1 g and 75 Hz
(the secondary resonant frequency of the device), and the charging curves with capacitors of 1, 2.2,
3.3, 4.7, and 10 µF are also depicted in Figure 12b. As mentioned above, the secondary TENG gives a
smaller triboelectric contact area and vibration amplitude, and therefore a lower voltage output. Thus,
under the same charging capacitor condition, the gradient of the charging curve from the secondary
TENG is lower than the one from the main TENG. To the capacitor of 1 µF, the charged voltage of the
secondary TENG can reach up to 1.38 V in about 120 s, while the charged voltage of 10µF capacitor
only can be charged up to 0.33 V in about 120 s.
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3.7. The Application of Fabricated VTENG

To verify the practical application capacity of the fabricated VTENG in daily life, the VTENG
was tested on a vacuum compression pump. As shown in Figure 13a, the device is fixed on the
vacuum compression pump and its output voltage is recorded by an oscilloscope. When the pump
works, it vibrates and drives the device to oscillate. In this way, the oscillation causes the contact and
separation between top and bottom parts of the device and enables the main TENG or secondary TENG
to generate electrical voltage. According to the test results, the vibration frequency and acceleration
of the pump are ~25 Hz and ~1.1 g, respectively, and thus the main TENG of the VTENG can work
effectively under the vibration of the pump. The output voltage from the main TENG of the VTENG
was recorded for 5 s (Figure 13b). The obtained maximum peak voltage from main TENG of the device
was more than 8 V, which is basically consistent with the value depicted in Figure 10a. Meanwhile,
to investigate the stability, the output voltage from main TENG of the VTENG is measured for 5 h
under the vibration of the pump. The result shows that the output voltage of the device gradually
decreases slightly during the first one hour (Figure 13c, but remains relatively stable during the last
four hours. This may be because during the vibrating operation of the device, the stiffness and sizes of
the PDMS microstructures initially change slightly due to impact between triboelectric layers, but then
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gradually stabilize. On the other hand, amid the rapid development of microelectronic circuits and
micro and nano fabrication processes, a large number of low-power microelectronic devices have
emerged. Their power consumption is very low, even on the order of µW with operating voltages of
below 3 V in the inactive mode. This confirmed that this developed VTENG is capable of supplying
power for some electronic devices with low-power consumption.
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4. Conclusions

In this work, the design, fabrication, and characterization of a 2DOF cantilever-based VTENG for
low-frequency broadband operation have been demonstrated. The proposed 2DOF cantilever spring
comprising one main beam and one inner secondary beam introduces multimode resonant behavior
in the low-frequency range of less than 100 Hz which contributes to widening of bandwidth. With
the help of combining multimode and inherent nonlinear characteristic due to the contact-separation
triboelectric mechanism, the total operating bandwidth of the fabricated VTENG can reach up to
32.9 Hz at 0.6 g. The bandwidth of the device increases continuously as the vibration acceleration
increases or the gap distance decreases.

The output performance of VTENG can increase by introducing microstructures on PDMS surface.
Using scalable methods, four kinds of different PDMS microstructures are prepared. The output
performance of the triangle-featured device performs best, far exceeding that exhibited by the
none-featured films, and a maximum peak output voltage up to 18.8 V is obtained at the primary
resonant frequency of 23 Hz under the input vibration acceleration of 1 g and 14.9 V at the secondary
resonant frequency of 75 Hz under the input vibration acceleration of 2.5 g. Under the frequencies
of these two modes at 1 g, the optimum peak power output of 43.08 µW and 12.5 µW from the main
TENG and secondary TENG are obtained. It is also demonstrated that the capacitor charging ability
can be driven by the main TENG and secondary TENG of the device. The main TENG can generate a
charging voltage of 2.19 V and 0.37 V in 120 s for the 1 µF and 10 µF capacitors, respectively, while the
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secondary TENG can generate a charging of 1.38 V and 0.33 V, respectively. In addition, the fabricated
device shows good stability with its voltage reaching and maintaining at 8 V when tested on a vacuum
compression pump. The experimental results show that the proposed VTENG has the feasibility of
powering electronic devices and systems with low-power consumption in wireless sensor networks.
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