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A B S T R A C T

Triboelectric nanogenerator (TENG) is a new energy technology that is as important as traditional electro-
magnetic generator (EMG) for converting mechanical energy into electricity, which shows great advantages of
simple structure, high power density and low-frequency. Here, the effects of motion amplitude for both gen-
erators are first taken into consideration. Our result demonstrates that the TENG has a much better performance
than that of the EMG at small amplitude. Under fixed operation frequency, the maximum output power of the
TENG rapidly grows to saturation with the increase of the amplitude, while that of the EMG grows slowly and
gradually. This contrastive characteristic is verified at different frequencies, which has demonstrated that the
TENG has dominant scope over the EMG, in not only low-frequency but also small-amplitude. Moreover, elec-
tronics powered by the TENG in small-amplitude has been exhibited and an overall comparison of the TENG and
EMG is summarized. Beyond low-frequency, this work has verified the small-amplitude is also a remarkable
merit of the TENG for harvesting micro-mechanical energy, which has guided the development prospects of
TENG as a foundation of the energy for the new era for internet of things, wearable electronics, robotics and
artificial intelligence.

1. Introduction

Electronics is developing toward miniaturized integration, func-
tionality and wireless portability [1,2]. With the increasing demands for
self-powering in the Internet of Things era [3–6], the eco-friendly and
sustainable energy supply for millions of sensors has become a major
issue that should be addressed urgently [7,8]. Nowadays, harvesting
ambient mechanical energy by triboelectric nanogenerator (TENG) for
power generation has attracted growing attentions for the great ad-
vantages such as simple-structure [9–12], high power density [13,14]
and wide selection of materials [15,16]. Derived from the second term
in Maxwell's displacement current [17–19], the TENG has been widely
used in micro/nano power sources [20–23], self-powered sensing
[24–30], blue energy [31–35], and high voltage sources [36–40] since

invented in 2012.
As a new energy technology, the TENG has demonstrated compar-

ability and symmetry with the traditional electromagnetic generator
(EMG) in working mechanisms, governing equations, and output
characteristics [41]. The TENG can be considered as a current source
with a large internal resistance, while the EMG is close to a voltage
source with a small internal resistance. With the complementary ap-
plication prospects, the TENG could be equivalently important as the
EMG for harvesting mechanical energy. Moreover, the TENG has shown
a much better performance than that of the EMG at low frequency
(typically< 5Hz), which indicates a great advantage and possible
killer applications of TENG in low-frequency mechanical energy har-
vesting, such as human motions and ocean waves in our living en-
vironment [42]. However, the mechanical energy sources have
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different motion amplitudes and some of them are very small, such as
slight vibration [43–45]. Comprehensively considering the frequency
and amplitude in mechanical energy harvesting, it is advisable to study
the effects of motion amplitude for both generators and reveal the
dominant scope of the TENG in both frequency and amplitude.

Here in this work, the effects of motion amplitude for both gen-
erators are first taken into consideration, which demonstrates that the
TENG has a much better performance than that of the EMG at smaller
amplitude. Under fixed operation frequency, the maximum output
power of the TENG rapidly grows to saturation with the increase of the
amplitude, while that of the EMG grows slowly and gradually. This
contrastive characteristic is verified at different frequencies, which has
demonstrated that the TENG has dominant scope over the EMG, in not
only low-frequency but also small-amplitude. Moreover, electronics
powered by the TENG in small-amplitude has been exhibited and an
overall comparison of the TENG and EMG is summarized. Beyond low-
frequency, this work has verified the small-amplitude is also a re-
markable merit of the TENG for harvesting micro-mechanical energy,
which has guided the development prospects of TENG as a foundation
of the energy for the new era, the era of internet of things, wearable
electronics, robotics and artificial intelligence.

2. Results and discussion

Fig. 1 illustrates the 3D schematics, photos and working principles
of the fabricated EMG and TENG in both contact-separation mode and
keeps their sizes the same. The EMG has the structure of a piece of

square magnet and a copper (Cu) coil sandwiched in two acrylic sheets,
as shown in Fig. 1a. While the TENG mainly consists of a top Cu film
and a fluorinated ethylene propylene (FEP) film with a bottom Cu film
on the back, as shown in Fig. 1b. The fabrication processes of the two
generators are described in details in the Experimental Methods section.
Fig. 1c illustrates the working principle of the EMG. According to
Faraday's law of electromagnetic induction, when the magnet moves
away from the Cu coil by an external mechanical excitation, the mag-
netic flux through the Cu coil will be changed, resulting in an electro-
dynamic potential and thus a current in the closed loop. An opposite
current will be generated in the closed loop when the magnet moves
back to the original position. Thus, an alternating current can be gen-
erated with the reciprocating motion of the magnet. While derived from
the second term in Maxwell's displacement current, the TENG shows a
different working principle from the EMG. As shown in Fig. 1d, equal
opposite charges can be created on the surfaces of Cu film and FEP film
by a fully contact between them, with no electrons flowing for the
electrostatic balance. When the Cu film gradually separates from the
FEP film by an external mechanical excitation, free electrons are driven
to flow from the bottom Cu electrode to the top one by the potential
difference. When the Cu film moves back, the electrons flow back to
reach the electrostatic balance state again, producing an opposite cur-
rent. With the reciprocating motion of the top Cu film, an alternating
current can also be generated.

We first give a theoretical comparison of the EMG and TENG in their
open-circuit voltage and short-circuit current. For the EMG, we assume
the intensity of magnetic field produced by the magnet remains nearly

Fig. 1. Schematic illustrations and working principles of both fabricated generators. 3D schematics, photos of fabricated (a) EMG and (b) TENG. Working
principles of (c) EMG and (d) TENG.
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constant at small displacement, so the open-circuit voltage and short-
circuit current can be expressed as:

= ⋅ ⋅V t B l v t( ) ( )OC
EMG (1)

= = ⋅ ⋅I t
V t

r
B l v t

r
( )

( ) ( )
SC
EMG OC

EMG

(2)

Where B is the intensity of magnetic field, l is the total lengths of the
coil, v(t) is the moving velocity of the magnet that varies with time t,
and r is the coil‘s inner resistance.

From the above eqs (1) and (2), we notice that the open-circuit
voltage and short-circuit are both proportional to the motion velocity.
Specially, for a simple harmonic motion, the motion displacement and
velocity can be described as:

=x t x π( ) sin(2 ft)max (3)

= =v t x
t

π π( ) d
d

2 fx cos(2 ft)max (4)

Here, xmax is the motion amplitude. The open-circuit voltage and
short-circuit current of the EMG at different displacement can be de-
rived as:
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Therefore, the maximum open-circuit voltage and short-circuit
current of the EMG is:
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From eqs (7) and (8), we notice that, when the frequency f remains
constant, the maximum open-circuit voltage and short-circuit current
are both proportional to the motion amplitude xmax. Fig. 2a and b de-
monstrate the experimental results that the maximum open-circuit
voltage and short-circuit current of the EMG have both linear re-
lationships with the amplitude in range of 3mm at different frequency
from 0.5 to 8 Hz, which are consistent with the theoretical derivation
above.

Unlike the EMG, the TENG shows much different characteristics in
open-circuit voltage and short-circuit current. At the small displace-
ment, the triboelectric surface area of TENG is much larger than the
separation distance. According to the previous reports [46,47], the
open-circuit voltage can be calculated as following:

=
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0 (9)
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where C(x) is the capacitance between two electrodes subject to various
displacement x, ε0 is the permittivity of vacuum, S is the triboelectric
surface area, d0 is the effective thickness of the dielectric layer, σ is the
triboelectric surface charge density, and QSC (x) is the short-circuit
charge transfer amount subject to the displacement x. From eq (11), we
can observe that the open-circuit voltage of the TENG is independent of
the frequency f, and only increases with the larger displacement. The
maximum open-circuit voltage can be reached when the displacement x
increases to the amplitude xmax, which is described as:

=V σx
εOC

TENG
,max

max

0 (12)

Eq (12) demonstrates that the maximum open-circuit voltage of the
TENG is proportional to xmax at small amplitude. While the amplitude is
sufficiently large, the assumption that the electrodes area of the TENG
is infinitely large will be untenable, leading to the open-circuit voltage
deviates from the linear relationship with the amplitude due to the edge
effect. Fig. 2c shows that the measured maximum open-circuit voltage
of the TENG increases with the increasing amplitude xmax linearly at
first and then slowly reaches to saturation in the range of 3mm. In
particular, the frequency makes nearly no impact on the characteristic
curves, which is in agreement with the theoretical analysis above and
much different from the characteristic of EMG. Besides, the short-circuit
current of the TENG is given by [47].
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According to eq (13), the maximum short-circuit current when x
(t)= 0 can be defined as:
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Therefore, the maximum short-circuit current is proportional to the
amplitude xmax when the frequency f keeps constant. Fig. 2d shows that
the measured maximum short-circuit current of the TENG linearly in-
creases with the larger amplitude in the range of 3mm at different
frequency from 0.5 to 8 Hz, which is consistent with the discussion
above and similar to the characteristic of EMG.

To evaluate the output capability of the EMG and TENG, we have
compared the average output power of both generators. Generally, the
output power of the EMG can be calculated as following:

⎜ ⎟= ⎛
⎝ +

⎞
⎠
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R
R

r
EMG OC

EMG 2

(15)

Where R is the external resistance. The maximum output power is
given when R= r, so the maximum average output power in one cycle
is:
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Therefore, the maximum average output power of the EMG is pro-
portional to the square of the amplitude when the frequency f remains
constant.

For the TENG, the theoretical maximum average output power can
be calculated as:

= =P E
T

E fTENG
max,CMEO

max
max (17)

Where Emax is the theoretical maximum output energy per cycle.
According to the cycle of maximized energy output (CMEO), Emax can
be described as [48].

= + ′E Q V V1
2
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Where V'
max is the maximum achievable absolute voltage when

QSC=QSC, max. For the TENG in contact-separation mode, the V'
max is

defined as [46].

′ = = =V
Q

C
Q
ε S d

d Q
ε S/

SC SC
max

,max

2

SC,max

0 0

0 ,max

0 (19)

Where C2 is the capacitance between the top surface of dielectric and
the bottom electrode of the TENG. Therefore, the theoretical maximum
average output power is calculated as:
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From eq (20), we can observe that, when the frequency f keeps
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constant, the theoretical maximum average output power is determined
by the maximum short-circuit transferred charges and maximum open-
circuit voltage. As shown in eq (10), the maximum short-circuit trans-
ferred charge is kept at x= xmax,

=
+

=
+

Q Sσx
d x

Sσ
d x( / ) 1SC,max

max

0 max 0 max (21)

It is clearly observed that the maximum short-circuit transferred
charge increases with the amplitude xmax at small amplitude. However,
when amplitude xmax is sufficiently large, no charge will transfer be-
tween the electrodes in a saturation state for the too small capacitance
[46]. Fig. S1 shows that the measured maximum short-circuit transfer
charge of the TENG increases with the increasing amplitude linearly at
first and then slowly reaches to saturation in the range of 3mm,
agreeing well with the theoretical analysis and similar to the maximum
open-circuit voltage characteristic of TENG. Therefore, the theoretical
maximum average output power of the TENG versus amplitude could
increase at first and then approach to saturation. The output power
versus external load can be calculated as:

∫
=P

V dt
RT

TENG
T

0
2

(22)

Where V is the voltage of the external resistance. For an approx-
imate calculation, the average output power at the matched external
could be equivalent to the half of the theoretical maximum average
output power, which could have similar variation trend versus ampli-
tude.

Fig. 3a and b exhibit the measured average output power versus

external resistance with different amplitude at 1 Hz for the EMG and
TENG, respectively. We plot the maximum average output power at
each amplitude xmax for both generators. As shown in Fig. 3c, the
maximum average output power of the TENG rapidly grows and re-
mains virtually constant after 1.5mm. While the maximum average
output power of the EMG grows slowly and gradually, crossing with the
curve of TENG at 2.6mm. The experimental results show a consistency
with the discussion above and demonstrate that the TENG has a much
better performance than that of the EMG within 2.6 mm at 1 Hz. Fur-
thermore, at different frequency from 0.5 to 8 Hz, the average output
power versus external resistance for the EMG and TENG are shown in
Figs. S2 and S3, respectively. At each frequency, the maximum average
output power versus amplitude for both generators are plotted in Fig.
S4. We can observe that the both maximum average output powers
versus amplitude show similar trends and characteristics at different
frequency. These results indicate that the TENG is superior to the EMG
with remarkable merits for harvesting mechanical energy in small
amplitude.

Meanwhile, the amplitudes in crossover points of both maximum
average output power characteristic curves at different frequency are
summarized in Fig. 3d. The results illustrate that the amplitude in
crossover point decreases with the increasing frequency. Beneath the
fitted line, the light red area denotes the dominant scope of TENG while
the light green area denotes that of EMG. The lower the frequency, the
larger the advantage scope of TENG at small-amplitude, demonstrating
that the TENG has dominant scope over the EMG, in not only low-fre-
quency but also small amplitude. As an alternative demonstration, the
maximum accelerations in crossover points of maximum average output

Fig. 2. Maximum open-circuit voltage and short-circuit current comparison of both generators versus amplitude at different fixed frequencies. (a)
Measured maximum open-circuit voltages and (b) short-circuit currents of the EMG versus amplitude at different frequency. (c) Measured maximum open-circuit
voltages and (d) short-circuit currents of the TENG versus amplitude at different frequency.
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power characteristic curves for both generators at different frequency
are also exhibited in Fig. S5. It indicates that, even at a higher fre-
quency, the TENG also has a dominant scope over the EMG at small
acceleration, which is more suitable for vibration energy harvesting
with low impact. The maximum acceleration can be calculated as fol-
lowing:

= = −a v
t

x π f πd
d

4 sin(2 ft)max
2 2

(23)

=a x π f4max max
2 2 (24)

As shown in Fig. 3e, we also plot the maximum average output
power ratio for the TENG and EMG versus amplitude in the range of
3mm at 1 Hz, which has shown that the ratio decreases with the

Fig. 3. Average output power comparison of both generators with different amplitude and operation frequency. Impedance matchings of the (a) EMG and (b)
TENG with different amplitudes at 1 Hz. (c) Maximum average power comparison of both generators versus amplitude at 1 Hz. (d) Amplitudes in crossover points of
two characteristic curves at different frequencies. The light red area denotes the dominant scope of TENG in low-frequency and small-amplitude while the light green
area denotes that of EMG. (e) Maximum average output power ratio of TENG and EMG versus amplitude at 1 Hz. (f) Maximum average output power ratio of TENG
and EMG versus amplitude and frequency. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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increasing amplitude, demonstrating that the advantage of the TENG
over the EMG is greater with smaller amplitude within 2.6 mm. The
maximum average output power ratio of TENG and EMG versus am-
plitude and frequency are also summarized in Fig. 3f. The result shows
that the ratio decreases with the increasing amplitude and frequency.
The smaller the amplitude and frequency, the larger advantage of the
TENG over the EMG.

To demonstrate the merit of the TENG for vibration energy har-
vesting in small amplitude, a hybrid structure referred previous work
[49,50]by integrating the EMG and TENG are designed and fabricated,
in which the two generators can work at the same amplitude and fre-
quency, as shown in Fig. 4a. Fig. 4b illustrates the maximum voltage of
the LEDs lighted by the EMG and TENG with different amplitude at
8 Hz. We can observe that the voltage of the LEDs driven by the TENG is
higher than the threshold voltage (2.14 V) of the LEDs at small

amplitude, while that of the EMG grows slowly and cannot increase
over the threshold voltage of the LEDs until 0.7 mm. The maximum
current and power of the LEDs lighted by the EMG and TENG with
different amplitude at 8 Hz are demonstrated in Fig. 4c and d, respec-
tively. The results indicate that, the maximum current and power of the
LEDs lighted by the TENG both rapidly grow to saturation. While for the
EMG, the maximum current and power both grow slowly, and exceed
those of TENG after 0.87mm and 1mm, respectively. As a visual de-
monstration, the luminance of the LEDs lighted by the EMG and TENG
are inserted in the current curves in Fig. 4c. It shows that the LEDs can
be lighted by the TENG at the amplitude less than 0.1mm, and the
brightness rapidly grows to saturation around 1mm. While the LEDs
cannot be lighted by the EMG until 0.7 mm, and then the brightness
sharply increases and exceeds that of TENG after 0.87mm, which has
visually indicated the advantage over the EMG in small amplitude. The

Fig. 4. Demonstration and summary of TENG. (a) Schematic and photograph of the integration of EMG and TENG. (b) Maximum voltage of an LED versus
excitation amplitude at 8 Hz driven by the EMG and TENG. (c) Maximum current through an LED versus excitation amplitude at 8 Hz as driven by the EMG and
TENG, respectively, with photos of the lighting LED for a visual indication of the generated power. (d) Maximum power of an LED versus excitation amplitude at 8 Hz
driven by the EMG and TENG. (e) Summarized overall comparison of EMG and TENG.
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visual demonstration is shown in Video S1. All these results demon-
strate the remarkable merit of the TENG than the EMG in harvesting
small amplitude vibration energy.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.04.047.

Besides the merit of small amplitude, the advantage of the TENG in
low frequency has also been verified in Fig. S6, and an overall com-
parison of EMG and TENG has been summarized in Fig. 4e. To sum up,
for the electrical output characteristics, the EMG is approximate to a
voltage source with a small impedance in resistive and inductive
characteristics. While the TENG can be considered as a current source
with a large capacitive impedance. So the EMG has a high short-circuit
current but a low open-circuit voltage, while the TENG provides a high
open-circuit voltage but a low short-circuit current. For the mechanical
energy harvesting characteristics, the TENG is more adept in low fre-
quency and small amplitude, while the EMG in high frequency and
large amplitude.

Fig. 5 has shown the prospects of TENG as a milestone in power
generation, which has drawn an entirely new pattern for effectively
harvesting mechanical energy in two dimensions. Based on the merit in
low-frequency, the TENG has huge application potential in the human
motions, windmill, ocean waves, and so on. Moreover, it also has a
killer application for harvesting mechanical harvesting in small-am-
plitude, such as the bridge vibration, machine vibration, MEMS vibra-
tion, and so on. All these remarkable merits will guide the development
prospects of TENG as a foundation of the energy for the new era.

3. Conclusions

In summary, this work presents the effects of the motion amplitude
on the output of both the EMG and TENG, which demonstrates that the
TENG has a much better performance than that of the EMG at smaller
amplitude. Under fixed operation frequency, the maximum open-circuit
voltage and short-circuit current of EMG both linearly rise with the
increase of the amplitude. While for the TENG, the maximum short-

circuit current linearly rise, and the maximum open-circuit voltage
grows to saturation. The characteristic differences result that the
maximum output power of the TENG rapidly grows to saturation, while
that of the EMG grows slowly and gradually. This contrastive char-
acteristic is verified at different frequencies, which has demonstrated
that the TENG has dominant scope over the EMG, in not only low-fre-
quency but also small-amplitude. Even at a higher frequency, the TENG
also has a dominant scope at small acceleration. For the vibration en-
ergy harvesting demonstration, electronics powered by the TENG in
small-amplitude has been exhibited and an overall comparison of the
TENG and EMG is summarized. Beyond low-frequency, this work has
verified the small-amplitude is also a remarkable merit of the TENG for
harvesting micro-mechanical energy, which has guided the develop-
ment prospects of TENG as a foundation of the energy for the new era
for internet of things, wearable electronics, robotics and artificial in-
telligence.

4. Experimental section

4.1. Fabrication process of the EMG

First, an acrylic sheet with the size of 10×10×2mm was sand-
wiched between two pieces of acrylic sheet (60× 60×2mm) as the
frame. Then, a group of copper varnished wire was twined in the frame
with 4800 loops as coils. Finally, a neodymium magnet (30mm in long,
30mm in width, 10mm in thick, 35.4 lbs) was assembled. The elec-
tricity is produced by the contact-separation between the magnet and
Cu coils.

4.2. Fabrication of the TENG

First, an acrylic sheet with the size of 60×60×2mm was used as
the substrate. Then, a FEP film (60×60mm, thickness of 30 μm), with
a Cu electrode (60× 60mm, thickness of 40 μm) attached on back side
of the FEP film, was pasted onto the substrate. Finally, another Cu film

Fig. 5. The prospects of the TENG, which shows remarkable merits than the EMG for harvesting mechanical energy in low-frequency and small-amplitude.
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(60× 60mm, thickness of 40 μm) attached on an acrylic
(60× 60×2mm) was used for generating electricity by contact with
and separate from the surface of the FEP film.

4.3. Electric measurements

An electrometer (Keithley 6514 system electrometer) was used to
measure the output voltages and currents of both generators.
Meanwhile, a software platform developed based on LabVIEW was used
to record the real-time data. The Electric Measurements has been
completed at ∼25 °C and ∼23%RH.
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