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Triboelectric nanogenerators (TENG) can eﬀectively generate electrical energy from the otherwise wasted
mechanical energy in our environment. However, since vibration energy scavengers are usually driven at their
resonant frequency, vibrating TENGs (VTENG) can provide maximized output power only within a few Hz of
input frequencies. Here, we report tandem TENGs which are able to optimally scavenge abundant vibration
energy under a wide band of input frequencies (tens of Hz and beyond). We ﬁrst investigate the dynamic
response of a single VTENG by parametric analyses (external forces, mass, stiﬀness, and gap distance) according
to input frequencies. Based on coupled behavior, we complete a design protocol for a single VTENG, providing
optimal power generation at a given frequency. Finally, we demonstrate a tandem system of resonant VTENGs,
where maximum output power can be produced over a broad range of input frequencies between 15 and 40 Hz.
It is expected that our design protocol enables optimal energy conversion for an individual TENG and that
tandem design will be practically useful for consistently scavenging a wide band of vibration energy from
environmental sources such as vehicles, wind, and waves.

1. Introduction
Utilizing multiple forms of renewable energy becomes crucial as the
world gradually moves away from relying on fossil fuels as a major
energy resource. Water waves, blowing wind, human motion, and
means of transportation are all examples of renewable vibration energy
resources. Most of this vibration energy, however, is usually lost to heat
and damping. We can recover this energy with devices that convert
mechanical motion into electrical energy via piezoelectric [1–3],
electrostatic [4,5], electrochemical [6], magnetostrictive [7], electromagnetic [8,9], and triboelectric [10–13] generator technologies, as
well as via their hybrid combinations [14–16].
Vibration energy scavengers are usually designed as resonant
systems; the oscillating frequency of a vibrating scavenger is tuned to
match the vibration source frequency. This is because resonant systems
can provide high speed and large amplitude motion, thus yielding the
highest power output. However, since the working bandwidth of a
resonant scavenger is normally narrow (a few Hz), any changes in input
frequency conditions can easily cause frequency mismatch which leads
to reduced performance. For this reason, a broadened output frequency
response is sought by introducing nonlinearities in the system
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dynamics [3,9].
Recently, triboelectric nanogenerators (TENG), which rely on the
coupling between triboelectriﬁcation and electrostatic induction for
their operation [10], have been heavily researched due to their highly
eﬃcient mechanical to electrical energy conversion, and several
innovative designs and potential applications, such as self-powered
sensors have been proposed [17–21]. For harvesting ambient vibration
energy, a variety of diﬀerent TENG systems have been proposed [22–
24] targeted for ocean wave motion [25,26], human motion [27,28],
and acoustic energy [29,30] scavenging. Since the working mechanism
of a vertical contact-mode TENG involves repeated contact and
separation for energy production, the dynamics of a vibrating TENG
(VTENG) are inherently non-linear, resulting in widened output
frequency response [31–33]. Although some previous studies have
shown resonant designs for VTENGs, their VTENGs were not specially
designed for a predetermined frequency, and the dynamic coupling
eﬀects of internal and external variables (such as mass, gap distance,
and force) were not considered. In order to ensure optimal operation of
the VTENG, it is crucial to follow a resonant design protocol for a
predetermined frequency after carefully studying the complex VTENG
dynamics and parametric coupling eﬀects. Furthermore, to eﬀectively
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model was simulated using MATLAB/Simulink software. The Simulink
model is shown in Supplementary Fig. S3. Details of the model are
provided as Supplementary information. Periodic sine wave frequency
input was swept from 0 to 50 Hz using a “for” loop. Amplitude and
velocity output values were collected in the MATLAB workspace. Here,
the amplitude is deﬁned as the maximum value of x(t) at each
frequency, where x(t) is actual vibration oscillation motion, such as
sinusoidal movement. Only the peak values from the output were
identiﬁed and plotted versus the input frequency. The values used for ζ,
ζ1 and ω1 were 0.003, 0.05, and 2π*100 rad/s, respectively (See
Supplementary information for details on the impact vibration model).

harvest various wasted vibration energy from waves, wind, vehicles,
and body movements with broadband input frequencies (over tens of
Hz), a more strategic VTENG system design is necessary.
In this work, we introduce tandem TENG for harvesting vibration
energy with a broadband frequency range (tens of Hz and beyond),
through resonant system design of individual VTENGs at predetermined input frequencies. First, we show that our vibration model for a
VTENG can yield a resonant system that generates highest output
power in the range of a target frequency within a few Hz. Second, we
demonstrate that tandem construction of VTENGs is critical to
achieving optimal output energy in a broad input frequency range
(working bandwidth of about 25 Hz). Because the control variables
(external forces, gap distance, mass and stiﬀness) for the resonant
design of a VTENG are coupled, parametric investigations are performed by simulating an impact vibration model that describes VTENG
motion dynamics. Based on the simulation results and experimental
veriﬁcations, we complete a systematic design protocol for the optimal
resonant system of an individual VTENG. Finally, a tandem TENG is
demonstrated to consistently provide maximum power at vibration
frequencies of several tens of Hz.

3. Results and discussion
3.1. Design concept and strategy for tandem TENG
Our strategy for creating tandem TENG to harvest broadband
vibration energy can be explained as follows. First, we examine the
coupling eﬀects of the control parameters by using a single VTENG;
then the fundamental vibration theory is modiﬁed based on the
coupling dynamics, resulting in a resonant design protocol for the
VTENG at a predetermined input frequency. Finally, tandem VTENG
structures are completed for optimized, high-output broadband vibration energy harvesting. This strategy is summarized in Supplementary
Fig. S4. The tandem assembly conﬁguration is ﬂexible and scalable in
three dimensions, thus, it can be either vertical, lateral or combination
conﬁguration as shown in Supplementary Fig. S5. Details are introduced below.

2. Experimental methods
2.1. VTENG fabrication and operation
A schematic of the VTENG and operation ﬂow is shown in
Supplementary Fig. S1. The top and bottom substrates were 3D printed
using Polylactic Acid (PLA). Commercial aluminum foil and polytetraﬂuoroethylene (PTFE), located at the positive and negative ends of the
triboelectric series [34], respectively, were used as the tribologicallyactive (tribo-active) materials. PTFE ﬁlm (80 µm thick) was glued to an
aluminum foil electrode (16 µm thick). The tribo-active materials had a
contact area of 3*3 cm2. Four springs provided a natural separation
between the PTFE and aluminum. The springs made no contact with
the tribo-active and electrode materials. The top aluminum and bottom
aluminum electrodes were ﬁxed to the PLA substrates using commercial double-sided tape (polyethylene (PE) foam). The bottom substrate
was ﬁxed to the vibration input source; the top substrate was movable.
The PTFE and aluminum were repeatedly placed in contact for several
cycles in order to induce contact electriﬁcation and surface charge
saturation. This ensured that the PTFE would now carry a constant
negative surface charge. When the aluminum moved away from the
PTFE, conventional current ﬂowed between the aluminum electrodes
due to electrostatic induction. Current ﬂowed in the opposite direction
when the aluminum moved towards the PTFE; thus, an alternating
current ﬂowed across the impedance, corresponding to the motion of
the aluminum.

3.2. Importance of resonant design for VTENG
For the purpose of the resonance design of an individual VTENG,
we consider the control parameters of a VTENG. Fig. 1a provides a
detailed illustration of the VTENG structure and parameters. The
VTENG bottom substrate is ﬁxed to the vibration input source with
input frequency, fin. Let N springs with total stiﬀness Nk (here, N =4,
and each spring has a stiﬀness of k) support the total movable mass, m,
which consists of the mass of the top substrate msub, mass of the
polyethylene (PE) foam layer, mpoly, and mass of the TENG positive
material, mpos, that also serves as the electrode, since it can normally
be a conducting metal. The purpose of the foam layer is to provide
improved contact interaction between the positive and negative
materials (tribo-active materials). The thicknesses of the top foam
layer and positive TENG material are tpoly, and tpos, respectively.
TENG negative material with thickness, tneg, TENG bottom electrode
with thickness, telec, and the bottom adjustable PE foam layer of
thickness, tpolyc. are stacked on the bottom substrate. In this study, we
used an aluminum foil as a positive and top electrode material and
polytetraﬂuoroethylene (PTFE) as a negative material. By the material
selection and treatment, the output performance can be changed and
improved, but the resonant behavior should be same. The gap distance
between the tribo-active materials is designed to be d0 after assembling. The original length of a single spring is L0, while the spring
length under the condition of system equilibrium after assembling
changes to L due to the movable mass at the top. Based on these
parametric deﬁnitions, the natural frequency of the VTENG, fsys, can
be given from,

2.2. Vibration test measurements
The vibration test equipment setup and block diagram are shown in
Supplementary Fig. S2. The VTENG bottom substrate was ﬁxed atop a
Labworks Inc. ET-126B electrodynamic shaker, which provided the
input vibration. The amplitude of the input vibration was controlled
with a preampliﬁer. Frequency sweep settings were controlled manually using a Tektronix AFG3021C function generator. The VTENG
output voltage was measured using a Tektronix MDO3012 mixed
domain oscilloscope with an input impedance of 10 MΩ. Current
measurements were made using a Stanford Research Systems SR570
low-noise current preampliﬁer connected to the Tektronix MDO3012
mixed domain oscilloscope.

2πfsys=

Nk
.
m

(1)

Fig. 1b describes the amplitude response characteristics of a
VTENG. First, it shows that under the resonance condition (fin =
fsys), the motion of total mass, m, is signiﬁcantly greater than the out
of resonance condition. Secondly, the behavior shows that if the
amplitude is greater than d0, an impact condition will result and the

2.3. Simulation
VTENG natural vibration mode simulation was performed using
ABAQUS/CAE ﬁnite element modeling software. The impact vibration
516
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Fig. 1. Control parameters and resonant output behavior for VTENG. (a) Schematic of VTENG showing important design parameters. (b) Amplitude response simulation stiﬀening
characteristic under impact condition. (c) Resonant output voltage response of VTENG with stiﬀening.

The resonant behavior of current ouput from the VTENG is also the
same. Thus the working bandwidth of a single VTENG is limited to a
few Hz near its resonant frequency. This shows that resonance design
approach to VTENGs is critical for obtaining optimal output power.

motion of mass, m, will be restricted by the gap distance, d0. This
ﬂattening of the amplitude response is referred to as the stiﬀening [35]
or hardening [36] characteristic. Stiﬀening is replicated in the experimental voltage response of the VTENG as shown in Fig. 1c. The upper
part of the voltage response shows ﬂattening due to the stiﬀening
characteristic caused by the impact. Under non-resonance conditions,
the voltage output of the VTENG is practically zero due to small
amplitude oscillations; however, the voltage output is considerably
higher at near resonance conditions due to large amplitude oscillations.

3.3. Theoretical understanding of coupled eﬀects for VTENG
In order to clearly understand the coupling behaviors of the
external and internal variables within a VTENG, we theoretically

Fig. 2. Understanding of coupling eﬀect for control parameters of VTENG via simulation. Amplitude response of VTENG when changing (a) input acceleration, (b) separation gap
distance between the tribo-active materials, (c) moving mass, and (d) spring stiﬀness.
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clear that higher input force increases the amplitude of the oscillating
mass and correspondingly the amount of impact, thus providing
greater output power and widening the VTENG operable frequency
range.
Fig. 2b shows the eﬀect of increasing the gap distance (d0) from 0.5
to 1.5 mm. The amplitude at which the response begins to stiﬀen
corresponds to the value of the gap distance, as expected. An increase
in the working bandwidth was observed at lower values of d0. This
phenomenon can be explained by considering the various oscillation
modes of the VTENG (see Supplementary Fig. S8 and supplementary
Movie S1). Diﬀerent VTENG oscillation modes occur at various input
frequencies. At low values of d0, even the small amplitude oscillation
modes will cause an impact condition; thus if several oscillation modes
lead to impact, the overall working bandwidth of the VTENG will
increase at low d0. However due to lower amplitude oscillation, the
peak voltage output will decrease at low d0. This trade-oﬀ for working
bandwidth and voltage output, with respect to gap distance, is an
important consideration in the optimal design of the VTENG. Thus, we
expect that a tandem TENG will enable optimal broadband vibration
energy harvesting if individual VTENGs are optimized to produce
maximum output power at a predetermined but varied frequency
ranges.
A simulation-based parametric study was performed for mass (m)
and stiﬀness (k), as shown in Fig. 2c and d. From Eq. (1), we can
conclude that increasing the mass decreases the VTENG system natural
frequency (fsys), while increasing the stiﬀness has the opposite eﬀect.
However, mass and stiﬀness also have an eﬀect on the gap distance
(d0). If ∆L = L 0−L , considering the force balance for VTENG in a
resting state yields,

mg = (Nk)∆L.

(2)

If
all
material
thicknesses
are
grouped
as:
t m=t pos+t poly+t neg+t elec+t polyc , since L = d 0 +t m , Eq. (2) can be modiﬁed
to describe d0 in terms of m and k,

d 0=L 0−

mg
−t m.
(Nk)

(3)

From Eq. (3) we can conclude that if the mass is increased, the gap
distance will decrease, while increasing the stiﬀness will have the
opposite eﬀect. Thus the coupled eﬀect of mass and stiﬀness on the
VTENG natural frequency and gap distance are made clear from Eqs.
(1) and (3). This coupled eﬀect is illustrated in Supplementary Fig. S9.
Based on the above theory, we can explain the VTENG amplitude
response simulation results for mass and stiﬀness changes as shown in
Fig. 2c and d, respectively. Increasing the mass as m, 2 m, and 4 m
shifts the amplitude response curve leftward, since increasing the mass
will reduce the VTENG natural frequency, while the working bandwidth increases in conjunction with increasing mass due to the reduced
gap distance. Increasing the stiﬀness has the opposite coupling eﬀect to
the increasing mass, as explained above. In summary, the simulation
results bring to light several control parameters which eﬀect VTENG
dynamics and have coupled eﬀects. Increasing the input force increases
the output as well as the working bandwidth, decreasing the gap
distance can decrease the output but will increase working bandwidth,
increasing the mass shifts the frequency of operation to a lower
frequency while simultaneously increasing the working bandwidth,
and increasing the spring stiﬀness shifts the frequency of operation to a
higher frequency while simultaneously decreasing the working bandwidth of the VTENG.

Fig. 3. Experimental investigations for critical control parameters of VTENG. Peak
voltage response of VTENG when changing the (a) input acceleration and (b) separation
gap distance (d0) between the tribo-active materials. (c) Output power density curves at
diﬀerent input frequencies according to the load resistance, for d0 =1 mm.

studied its nonlinear dynamics by utilizing an impact based vibration
model [37]. The details of both the impact vibration model and the
electrical model are described in the Supplementary information, in
addition to a lumped model for the VTENG provided in Supplementary
Fig. S6. The electrical model for the VTENG [38] shows that the opencircuit voltage depends on VTENG amplitude (see Equation (S6)),
while the short-circuit current depends on VTENG amplitude and
velocity (see Equation (S7)). Since the amplitude and velocity of the
VTENG correlate directly with its output performance, we explore the
amplitude and velocity response characteristics of the VTENG according to the control parameters of input force (Fin), gap distance (d0),
mass (m), and stiﬀness (k).
Fig. 2 shows the amplitude response simulation results, while the
velocity response simulation results are provided in Supplementary
Fig. S7 because the behaviors were almost similar. Fig. 2a demonstrates the eﬀect of increasing the magnitude of the input force, F0
(acceleration, G) on the amplitude response. Higher peak amplitudes
and increased working bandwidths were observed when the input
acceleration was increased from 0.2 to 1 G. As an external variable, it is

3.4. Experimental veriﬁcation of VTENG behaviors
To verify the simulation results, we experimentally investigated the
coupling eﬀects of the external (input force) and internal (gap distance)
variables of a VTENG as shown in Fig. 3. Fig. 3a compares the output
voltage results for changes in input acceleration at d0 =2.0 mm (note
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that only the peak positive side outputs are shown for clarity, the actual
alternating output data is provided as Supplementary Fig. S10). As the
input acceleration was increased from 0.2 to 0.5 G in steps of 0.1 G, the
peak voltage and working bandwidth increased throughout the frequency spectrum, as predicted by the simulation. Fig. 3b shows the
peak output voltage results for changes in d0 at an input acceleration of
0.5 G (again, note that only the peak positive side outputs are shown
for clarity, the actual alternating output data is provided as
Supplementary Fig. S11). The full-width at half-maximum bandwidth
at d0 =2.0 mm was 4 Hz, while the maximum output voltage was 34 V.
At d0 =1.5 mm, the full-width at half-maximum bandwidth was 6 Hz,
while the maximum output voltage was 35 V. At d0 =1.0 mm, the fullwidth at half-maximum bandwidth was 8 Hz, while the maximum
output voltage was 44 V. Finally, at d0 =0.5 mm, the full-width at halfmaximum bandwidth was 14 Hz, while the maximum output voltage
was 22 V. As d0 was decreased, the frequency at which highest voltage
was obtained shifted to the right, as predicted by the simulation results
in Fig. 2b and Figure S7. Fig. 3c shows the power density results at
diﬀerent input frequencies for d0 =1.0 mm, with the VTENG resonant
frequency (fsys) being 27 Hz. Due to stiﬀening eﬀects shown in Fig. 1,
the highest power output was obtained at input frequency fin =32 Hz.
Thus, the results clearly show that the resonant conditions are
important to provide the maximum output power. In agreement with
the simulation results, our experimental results showed that small gap
distances (d0 =0.5 mm) can widen the working frequency of VTENG
but the peak output power decreases. By increasing the gap distance,
we can increase the output power but it yields narrow bandwidth
working frequency. Accordingly, we need a tandem TENG system to
increase the working bandwidth while maintaining high power output
by using resonant VTENGs at given working frequencies.
3.5. Design protocol for resonant VTENG
For optimal and strategic design of an individual VTENG, we
utilized the resonance condition to estimate values of the design
parameters. Since for resonance condition, fsys = fin, Eq. (1) can be
modiﬁed to give spring stiﬀness as,

(Nk) = m*(2πfin)2 .

Fig. 4. Resonant design protocol for optimization of an individual VTENG. The design
protocol is based on a modiﬁed vibration theory for maximizing the power output of the
VTENG.

(4)

Furthermore, substituting Eq. (4) in Eq. (3) gives an estimate for
the required length of a coil spring as,

L 0=d 0 +

g
+t m.
(2πfin)2

required stiﬀness, k, we can determine the required spring length from
Eq. (5). However, the designer must ﬁrst select the gap distance value
(d0). The impact vibration model simulation can only provide an
estimate of the working bandwidth at a speciﬁc d0. Since there is a
trade-oﬀ in terms of d0 such that a lower d0 results in a lower peak
voltage but a greater working bandwidth and vice-versa, therefore, the
appropriate choice of d0 should be selected by the designer. Then the
total material thickness, t m=t pos+t poly+t neg+t elec+t polyc, should be obtained and plugged into Eq. (5) to determine the required spring coil
length (L0). It must be stated that the values for material thickness and
gap distance typically fall within a certain range, as given earlier.
Furthermore, if there is a restriction in L0, the thickness of the bottom
polyethylene foam, tpolyc, may be suitably modulated as required.
After completing the mass and spring design and selecting the
materials, the VTENG can be assembled and tested. If further
modiﬁcation is required, the design protocol may be repeated from
the necessary step onwards.

(5)

Eq. (4) is graphically illustrated in Supplementary Fig. S12, which
can be used as a design chart for determining the approximate values of
mass or stiﬀness for a given input frequency. For a given input
frequency, the required length of coil spring (L0) can determined
based on the gap distance (d0) value. Once we know the required
values for k and L0 from Eqs. (4) and (5), respectively, the ﬁnal coil
spring can be designed, which is critical to complete the resonance
system of an individual VTENG.
By understanding the coupled behaviors of control parameters for
an individual VTENG, we completed a design protocol illustrated in
Fig. 4, for the resonant design of an individual VTENG. The protocol
steps are described in ﬁgure-form by means of an example in
Supplementary Fig. S13. Initially the target frequency for resonance
design must be determined based on the vibration source input
frequency (fin). Then, the required spring stiﬀness (k) can be determined for a given mass (m) using Eq. (4). However, the required mass
(m) can be determined if the spring stiﬀness (k) is ﬁxed. Mass design is
essentially a case of determining the volumetric dimensions of each
layer that make up the total mass (m). Since m = m sub+mpoly+mpos ,
knowing the density (ρ) of the top substrate, polyethylene foam, and
positive TENG material, the volume (V) of each layer may be
determined via the formula, V = m/ρ . To design a coil spring with

3.6. Design and fabrication of tandem TENG
We utilized the design protocol for creating a tandem system of
individual resonant TENGs to harvest the broadband input vibration
energy at high output power. Fig. 5a shows a vertical conﬁguration
tandem TENG consisting of four strategically designed VTENGs. Our
goal was to cover the range of vibration input frequencies from 20 Hz
to 40 Hz, with each VTENG providing maximum output power.
519
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Fig. 5. Tandem TENG for scavenging vibration energy with broadband input frequencies. (a) Tandem TENG illustration of the assembled prototype. Four VTENGs are stacked in a
vertical conﬁguration to form tandem TENG. Each VTENG has speciﬁc mass, stiﬀness, and gap distance control parameters. (b) Amplitude response simulation for VTENGs based on an
impact vibration model predicting wide-bandwidth output. (c) Voltage output response of tandem TENG. (d) Short-circuit current output response of tandem TENG.

However, due to device-to-device variability, voltage output magnitude
for VTENG-3 was higher than expected. Also, since our focus was
primarily on the output bandwidth coverage we did not further
investigate this minor anomaly. Thus, our fabricated and assembled
tandem TENG covered the working bandwidth of 25 Hz (i.e. 15–
40 Hz), as required. Thus, we conﬁrmed that resonant VTENGs with
optimal power could be successfully created by using our design
protocol. Furthermore, it was demonstrated that tandem design of
resonant VTENGs is critical for harvesting broadband vibration
energies. Based on the target working bandwidth, we can freely change
the number of required resonant VTENGs.
We further conducted an experiment at input acceleration of 1 G, as
shown in Supplementary Fig. S16. The rectiﬁed peak output voltages
observed in this case are beyond 100 V. An overlap in the working
bandwidth was also observed, since the working bandwidth of each
VTENG was increased due to high input force, as discussed earlier with
the help of simulation and experimental based input force parametric
analysis of a single VTENG. Additional improvements in tandem TENG
output can be obtained by nanopatterning the tribo-active surfaces.
The tandem TENG system can be arranged in a variety of conﬁgurations including vertical, lateral, and combination conﬁgurations, as
shown in Supplementary Fig. S17. Thus, we demonstrated the viability
of our method for optimal tandem TENG design, for harvesting widebandwidth vibration energy.

Therefore, the input frequencies for the design protocol were selected
as 20 Hz, 27 Hz, 34 Hz, and 40 Hz (a diﬀerence of approximately 7 Hz
for every VTENG). Based on our resonant design protocol, we ﬁrst
determined movable mass (m) of 6.5g for each VTENG. Next, from Eq.
(4), the required stiﬀness was determined to be approximately 100 N/
m, 190 N/m, 295 N/m, and 410 N/m for k1, k2, k3, and k4, respectively, corresponding to VTENG-1, VTENG-2, VTENG-3, and VTENG4. The impact vibration model simulation was performed at input
acceleration of 0.2 G m/s2 (lower than experimental conditions to
accommodate for damping losses), and at ﬁxed gap distance of 1 mm
for all VTENGs. The amplitude response simulation of resonant
VTENGs at each target frequency are shown in Fig. 5b and the velocity
response simulation results are provided in Supplementary Fig. S14.
The amplitude response simulation shows that our resonant TENGs
can eﬀectively scavenge vibration energy at the predetermined target
frequencies with a total working bandwidth of upto 25 Hz (i.e. 15–
40 Hz) due to impact stiﬀening characteristic of the VTENGs.
For VTENG fabrication, the top substrate was 3D printed using PLA
material. We selected commercial aluminum foil as the bottom
electrode and positive TENG material (telec = tpos =16 µm), and
PTFE ﬁlm (tneg =80 µm) as the negative TENG material. The top PE
foam thickness was tpoly =2 mm, while the bottom PE foam thickness
was modulated to obtain a ﬁxed gap distance of d0 =1 mm, since all of
our coil spring lengths were restricted to 8 mm. Thus from Eq. (5), the
bottom PE foam thickness was controlled at around tpolyc =4.5 mm
for each resonant VTENG. Each VTENG was then assembled and
individually tested. Finally, vertically-arranged tandem TENG was
assembled and tested. The frequency sweep experiment was conducted
at input acceleration of 0.5 G in order to clearly distinguish which
VTENG was active (See Supplementary Fig. S15 and supplementary
Movie S2). Fig. 5c shows the rectiﬁed voltage output results for tandem
TENG, and Fig. 5d shows the rectiﬁed current output results. The
output is color coded to represent VTENG-1, VTENG-2, VTENG-3, and
VTENG-4 for ease of understanding. The peak output voltage ranges
from 20 V to 30 V and the peak current ranges from 2 μA to 4 μA at
input acceleration of 0.5 G. Normally the current and voltage output for
VTENGs observed on an oscilloscope should follow similar trend.

4. Conclusions
In summary, we introduced tandem TENG for scavenging environmental mechanical vibration energy with broadband input frequencies.
For the purpose of optimal tandem TENG design, each VTENG was
strategically designed by following a resonance design protocol. First,
the vibration theory was modiﬁed for VTENG design based on
resonance. Then the resonance design protocol was completed after
systematically studying the parametric coupling eﬀects via impact
vibration model simulation and experimental veriﬁcation. Each individual resonant VTENG constructed following the design protocol
provides maximum power, but only within a few Hz of the predeter520
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mined input frequency. Multiple resonant VTENGs were therefore
designed to work collectively in tandem to scavenge wide-band input
frequencies (tens of Hz) at maximum power. Since tandem TENG can
be arranged in a variety of conﬁgurations, their design is ﬂexible and
scalable in three dimensions and they can be easily molded to suit any
vibration energy harvesting application including wind, waves, and
transportation.
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