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Triboelectric nanogenerator (TENG) is an energy technology that produces an output of high voltage but low
current, and its output power is proportional to operation frequency (f). While the electromagnetic generator
(EMG) gives an output of high current but low voltage, and its output power is proportional f2. Since both TENG
and EMG gives an alternating current (AC), which has to be rectified into direct current (DC) for practical use.
With considering the different degree of voltage and power losses at the rectification circuit owing to the
threshold operation voltage of a diode, this is the first quantitative comparison between the effective energy
utilization efficiency of TENG and EMG. The results demonstrate that the frequency range in which the maximum
peak power of TENG outperforms EMG is expanded after rectification due to the more severe power loss of EMG
than that of TENG. Besides, the average power loss rate of TENG is consistently lower than that of EMG, and it is
especially obvious at low frequencies. Moreover, the energy utilization efficiency of TENG is always superior to
that of EMG after rectification, with a maximum of 98.84 % for TENG while only 66.36 % for EMG. This study
reveals that the loss caused by the rectification circuit of TENG is much lower than that of EMG, which lays a

solid foundation for the applications of DC-TENG.

1. Introduction

With the rapid development of the Internet of Things and artificial
intelligence, there is an urgent need for sustainable, environmentally
friendly, and widely distributed energy sources. As a new energy har-
vesting technology, triboelectric nanogenerator (TENG) can effectively
scavenge mechanical energy from the environment [1-6] , and can be
applied to self-powered sensors [7-11], micro/nano systems [12,13]
and blue energy [14-16]. Due to the advantages of low-cost, environ-
mental benign, a wide range of material choices and high open circuit
voltage [17,18], TENGs have become increasingly popular among re-
searchers. Meanwhile, electromagnetic generator (EMG) has long been
an indispensable part of people’s life as a classical energy supply tech-
nology. In order to maximize energy utilization, the hybrid TENG-EMG
has been reported for harvesting the mechanical energy such as wind

[19-21], vibration [22-24], and rotational energy [25,26]. However,
the conventional TENG based on triboelectric effects and electrostatic
induction and EMG based on the law of electromagnetic induction gives
an alternating current (AC). A rectification circuit is needed to convert
the AC into direct current (DC) in order to be effectively utilized for
driving electronics.

In recent years, many methods have been explored to achieve DC
TENG [27-31], such as designing specific structures to realize phase
coupling [32], achieving air breakdown via dielectric breakdown effect
[33-37], and selecting semiconductors as tribo-materials to enable
unidirectional flow of charge [38]. However, all these methods impose
certain special requirements on the generators, such as the delicate
design of the structures, high charge density, and special material
properties, which limit the universality of the application of the method.
The integration of a management circuit as one of the common methods
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to achieve DC for TENG [39], which is also applicable to EMG. In
addition, the introduction of these circuit elements can have a relatively
positive impact on the output results, but it is worth noting that the
electronics also consume a certain amount of energy in the circuit, and
the more electronics will consume more energy. Therefore, using the
simplest circuit structure with only one rectifier to directly compare the
energy loss of TENG and EMG in the same circuit can avoid the problem
of different energy loss due to the connection of different management
circuits. Previous reports have systematically investigated the differ-
ences between TENGs and EMGs in terms of theoretical models, oper-
ating mechanisms and output equations for energy harvesting, and
found a high degree of similarity and symmetry with each other [40],
and have also focused on comparing the energy harvesting capabilities
of TENG and EMG at low frequency [41] and small-amplitude [42]. And
some studies increase the output energy by reducing the internal resis-
tance of the TENG [43-45]. But these studies use the as-output AC signal
without rectification and there is a lack of systematic studies on the
energy loss of both generators in conversion from AC to DC.

In this work, we fabricated a TENG and an EMG in contact-separation
mode to systematically compare the energy loss of both types of gen-
erators in obtaining DC output through rectifier bridge. To avoid the
problem of different energy loss due to the tilt of the cutting magnetic
induction line direction, the magnet is moving vertically directly above
the copper coil to ensure the maximum change of magnetic flux during
the motion. The peak output powers of the two types of generators
connected with matched resistors were compared at different fre-
quencies and demonstrated that the performance of TENG was superior
to that of EMG at low frequencies and the loss rate of the rectified EMG
was much severe than that of the TENG. In addition, the loss rate of
average power and energy of EMG are more severe than that of TENG
after rectification. Moreover, as the frequency increases, the energy
utilization efficiency via rectifier module of both TENG and EMG be-
comes higher, and that of TENG is consistently superior to that of EMG at
various frequencies. Also, this contrasting characteristics is verified in
EMG with different number of turns and different wire diameters. This
work highlights the impact of rectifier circuit on energy utilization and
demonstrates the lower power and energy losses of TENG compared to
EMG during the conversion of AC to DC. In addition, it provides a very
important reference value for the applications of TENG in driving
electronic devices with high efficiency in DC power supplies.

2. Experimental section
2.1. Fabrication of EMG and TENG

EMG is mainly composed of two parts, a cylindrical magnet and a coil
of the same size encapsulated in acrylic plate, where the magnet and coil
have a diameter of 30 mm and a thickness of 5 mm. For the magnet part,
a rectangular acrylic plate with a thickness of 5 mm, a length of 33 mm
and a chamfer radius of 6 mm is manufactured by a laser cutting ma-
chine of PLS 4.75, and a hole with a diameter of 30 mm is dug in the
middle to place the magnet. Then two 1 mm rectangular acrylic plates
with 33 mm length and 6 mm chamfer radius were manufactured and
pasted on the front and back of the magnet to complete the package. The
size of the acrylic plates used to encapsulate the copper coils is the same
as above. The wire diameter and the number of turns of the coil is 0.05
mm and 13,000 T, and the resistance is 6.70 kQ. In addition, for other
coils with different wire diameter and different turns in the text, the
encapsulation materials and methods are the same as above. The resis-
tance of coils (13,000 T) with wire diameter of 0.06 mm, 0.07 mm, 0.08
mm, 0.1 mm are 4.43 kQ, 3.25 kQ, 2.49 kQ, 1.54 kQ, respectively, and
coils (0.05 mm) with turns of 9000 T, 17,000 T, 21,000 T, 25,000 T are
4.49 kQ, 8.57 kQ, 10.45 kQ, 12.34 kQ, respectively.

TENG is made of an upper part and a lower part. The upper part is
made of nylon film of 25 pm, aluminum foil of 20 pm and acrylic plate of
1 mm in sequence, all of which are shaped into a square with a 50 mm
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length and a 6 mm radius chamfer. The lower part is made of 30 um FEP,
20 pm aluminum foil, 3 mm sponge and 1 mm acrylic sheet of in order,
and the size of the material is the same as that of the upper part. The
horizontal dimensions of the prepared TENG is larger than that of the
EMBG is to keep the volumes of both generators essentially the same.

2.2. Control of contact and separation

The regulation of the frequency of the contact and separation process
of the two generators is achieved by a linear motor of model H01-23 x
86/160. The displacement of the motor is fixed at 10 mm, and the ac-
celeration and deceleration are set to a sufficiently large value of 200 m/
s? to ensure that the motion process can be approximated as uniform
motion. One part of the generator is fixed to the linear motor to achieve
the motion, and the other part is fixed to the M-37 multi-axis tilting
platform to ensure that the two contact surfaces are parallel during
contact.

2.3. Electrical measurements

The voltage and current of the generator were measured by KEITH-
LEY 6514 programmable electrometer. The model of the rectifier bridge
in experiment is DF06, which is a commercially available electronic
component.

3. Results and discussion

Fig. 1a shows the 3D schematic of the contact-separated EMG and
TENG. The EMG consists of a cylindrical magnet and a copper coil, both
of which are sandwiched in the middle by acrylic sheets. The TENG is
composed of nylon film, fluorinated ethylene propylene (FEP) film, Al
foil, sponge and acrylic plate. Nylon and FEP are used as tribo-layers,
sponge is used as buffer layer to achieve full contact of Nylon and
FEP, and acrylic plate is used as the substrate. The specific fabrication
processes are described in detail in Section 2, and the specific working
principle of the two generators are exhibited in Fig. S1 (Supporting in-
formation). Fig. 1b displays the cross-sectional view and the corre-
sponding photographs of EMG (left) and TENG (right), respectively.
Fig. 1c demonstrates the circuit diagrams of EMG and TENG without and
with rectification. Before rectification, the load resistor is directly con-
nected to the generator, and the output voltage, optimal power and
energy of the load can be obtained by changing the resistance value.
While the rectifier is connected, the output performance above is
decreased due to the loss caused by the rectifier bridge. Fig. 1d compares
the average power loss rate of EMG and TENG, which is calculated by
the ratio of the average power loss caused by rectification and the
average power before rectification, indicating that the loss rate de-
creases roughly with increasing frequency and the loss rate of TENG is
consistently lower than that of EMG at the same frequency, reaching a
maximum of 31.73 % for TENG and 99.74 % for EMG at the lowest
frequency of 1.5 Hz. Besides, the average power loss rate of TENG is
lowest at 5 Hz and that of EMG gradually decreases with increasing
frequency, which may be related to the inadequate contact between the
two tribo-materials of TENG at high frequency, and the corresponding
explanation is described in detail in the Supplementary Note 2. More-
over, the energy loss rate of both types of generators is shown in Fig. le
and demonstrates that the loss rate of TENG is always lower than that of
EMG at various frequencies, and the loss rate is more severe at lower
frequencies. Similarly, the energy loss rate can be calculated by the ratio
of the lost energy caused by rectification to the energy before rectifi-
cation. The results reveal that the loss of power and energy of EMG at the
rectification circuit is more serious than that of TENG at various
frequencies.

Fig. 2a compares the output voltages of the load before and after
rectification with different load resistances connected at 1.5 Hz. The
voltages are attenuated after rectification for both EMG and TENG, and
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Fig. 1. Structure of EMG and TENG and corresponding circuit diagram before and after rectification. (a) Three-dimensional structure of EMG (left) and TENG (right).
(b) Cross-sectional diagrams and photographs of EMG (left) and TENG (right). (c) Circuit diagrams of both generators before and after rectification. (d-e) Average
power loss rate (d) and energy loss rate (e) of EMG and TENG at different frequencies after rectification.

it decreases greatly for EMG while insignificant for TENG. To under-
stand the reason for the difference in voltage drop of the two generators
after rectification, we analyze the loss rate of voltage of both generators
with different external resistors connected theoretically according to the
circuit diagram Fig. S1 (c) (Supporting information), which can be
expressed as:

VoceR, VoceR,,
o VNut rectified VRectiﬁed _ Rp+r - Rp+r+Rg
1 Vies VNoI rectified Vg{;’?
- K M
B R, +r+Rg

where Ny, 18 the loss rate of voltage, Vot recified aNd Vrecifies  are the
voltage before and after rectification, respectively. Besides, r, R;, and Rg
are the resistance of the generator, external load and the rectifier bridge,
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Fig. 2. Loss of peak power at different frequencies for EMG and TENG after rectification. (a-b) Output voltage (a) and voltage loss rate (b) before and after
rectification for EMG and TENG with various load resistors connected at 1.5 Hz. (c-d) Peak power of EMG (c) and TENG (d) at different frequencies before and after
rectification. (e-f) Maximum peak power for both generators without rectification (e) and after rectification (f).

and Vo is the open circuit voltage. Since the surface size of TENG, the
speed of motion, the thickness of the dielectric material and all other
parameters are defined values, the open circuit voltage and internal
resistance of TENG are a fixed value. Moreover, the internal resistance of
diodes in the rectifier bridge is generally tens of ohms to hundreds of
ohms, and the internal resistance of EMG is 6.7k ohms, and the internal
resistance of TENG reaches megohm level. Therefore, the resistance of
the rectifier bridge is basically negligible compared to the internal
resistance of the two generators even if the rectifier consists of different
types of diodes.

From Eq. (1) we can analyze that since Ry is a fixed value, the
magnitude of 17, is determined by the resistance of (R, + r). For EMG,
(R, + r) ranges from a few thousand ohms, while that of TENG reaches
several megohms. Therefore the 5y, of TENG is smaller than that of
EMG due to the larger internal resistance of TENG. Fig. 2b shows the
experimental results of the voltage loss rate at 1.5 Hz and illustrates the
smaller 7y, of TENG than EMG, which is consistent with the theoretical
analysis. Nevertheless, the 5,  is increased first and decreased gradu-
ally with the enhancement of R;, meaning that the 7, _at a small load
resistance is lower than that of theoretical value. It may be related to the
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effect of the noise signal on the real voltage signal with a small resistor
connected at the rectification circuit. Fig. S2 (Supporting information)
shows that the noise signal from the environment results in a larger
voltage than real value with a minimum resistor connected, thus causing
the value of Vo rectified —VReciified t0 be smaller than the theoretical one.
Moreover, Fig. S3 (Supporting information) demonstrates the voltage
loss of EMG and TENG at other frequencies and the results are consistent
with the above conclusions.

Since the rectification circuit leads to the loss of output voltage, it
can also impose an impact on output power theoretically. The peak
power and average power of the load resistance can be described as
[41]:

Pt 7< Voc,  pear
peak —

2 2
VL peak
R, = —I*% 2
RL +r > ¢ ( )

Ry

P =
average
« R, T

hvi dz_( Voc

2
- =5 )-RL @)

where Vocpea and Voc are the maximum and average values of the
open circuit voltage, respectively. V; is the voltage of the load, and T and
t are the period and time, respectively. Fig. 2c and Fig. 2d illustrate the
peak power of EMG and TENG before and after rectification at different
frequencies. The peak power of EMG improves with increasing fre-
quency before rectification, and the best matching resistance measured
at different frequencies is kept around 6-7 kQ, which is basically equal
to the coil internal resistance , as shown in Fig. 2c. As EMG does not
have the property of internal capacitance, its internal resistance is equal
to the copper coil resistance, so it is not affected by the motion fre-
quency, and the optimal impedance matching point of the EMG is
basically the same at different frequencies. Moreover, the variation
characteristics of the results at the rectification circuit are consistent
with the above and the peak power is significantly diminished after
rectification. For TENG, the peak power varies in same way as EMG with
the increase of frequency and it decays slightly after rectification, and
the best matching resistance of TENG decreases as the frequency in-
creases, as shown in Fig. 2d. Since TENG has the property of internal
capacitance, the faster the generator moves, the smaller the impedance
of TENG will be, as reported previously [46]. Therefore, the matching
impedance of TENG decreases gradually with increasing frequency. The
above results indicate that the rectification circuit causes a greater
attenuation of peak power to EMG than to TENG.

To further evaluate the effect of rectifier on the output performance
of EMG and TENG at different frequencies, we first compare the
maximum peak power, average output power, and output energy versus
frequency of both generators theoretically. When Ry, is equal to r, the
maximum peak power and the maximum average power can be obtained
from Eq. (2) and Eq. (3). According to previous reports, the maximum
open-circuit voltage of EMG are linearly proportional to frequency [42],
as can be described as Vo oo Since the internal resistance of the
EMG is a constant, the maximum peak power of the EMG versus f can be
deduced from Eq. (2) as PEMS  «f2.

peak,max’
In addition, the relationship between the average power and f can be
derived theoretically. For EMG in contact separation mode, the open
circuit voltage and the absolute value of V¢ can be denoted as:

. ao dB

VELG = — o 7NSZ (@)
T. TdB
/ VEMG gt |-NS / 2

[Vees | =1° =2 = ONBSf )

‘ T T

where N and S are the number of turns and area of the coil, @ is the
magnetic flux through the coil, and B is the magnetic field. The factor 2
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is attributed to the fact that the flux through the coil changes twice (from
maximum to zero and from zero to maximum) in one cycle. Combining
Eq. (3) and Eq. (5), the maximum average power of EMG is derived:

o _ (NS _ (VBS/Y ©

average,max 4r r

In the case of TENG, V¢ is independent of f [41,42] while the
impedance of TENG is inversely proportional to f [46]. Combining the
above analysis and Eq. (2), the relationship between the maximum peak
power of TENG and f can be formulated as Pjiaq0f-

Besides, previous simulations of TENG shows that the optimal
average power of TENG is roughly proportional to the frequency with
the matching resistor connected [46-48], as given below (D is a
constant):

TENG
average,max

«f or logy PTENG

average,max

=log,, f+D (approximately)
)]

Furthermore, the optimum output energy is achieved while Ry equals
to r and it versus f can be analyzed by referring to the relationship be-
tween energy and average power, and the output energy can be
expressed as:

T T
Jo Vi oar Jo Vi ar

E= Py T= T= 8
« R, T R, ®

it reveals that the output energy is proportional to the average
power. The result indicates that the output energy of EMG is propor-
tional to the square of f while that of TENG is proportional to f.

Based on the analysis above, a series of experiments have been car-
ried out and the results of the maximum peak power of EMG and TENG
at various frequencies before rectification are present in Fig. 2e. It il-
lustrates that the fitting curve of the maximum peak power of EMG
shows a quadratic function relationship with frequency while linear
relationship with TENG, which is consistent with the theoretical deri-
vation. The maximum peak power of TENG is superior to that of EMG at
frequencies not exceeding 6 Hz while inferior to EMG on the contrary.
As for the maximum peak power after rectification, the frequency range
where the power of TENG is greater than that of EMG is extended to
9 Hz, as demonstrated in Fig. 2f, which can be attributed to the larger
power depletion of EMG and little attenuation of TENG. Fig. S4 (Sup-
porting information) displays the maximum peak power loss rate after
rectification for both generators, which is calculated by the ratio of the
lost power caused by rectification to the maximum peak power before
rectification, showing that the loss of EMG is much more severe than
that of TENG.

Fig. 3a indicates that the average power density of TENG is smaller
than that of EMG when not rectified., and they are extremely close to
each other at low frequencies. Besides, the fitting curve of average
power density of TENG and EMG is linear and quadratic relationship
with frequency, respectively, which is consistent with the theoretical
analysis. After rectification, owing to the more severe power loss of EMG
compared to TENG, the average power density of EMG is smaller than
that of TENG at frequencies not exceeding 5 Hz, as shown in Fig. 3b.
Fig. S5 (Supporting information) illustrates the average power loss per
cubic centimeter of EMG and TENG, indicating that the loss of TENG is
always lower than that of EMG. Fig. 3c and Fig. 3d demonstrate the
output energy of both generators in 2 s before and after rectification
with frequency varies from 1.5 Hz to 10 Hz. The results reveal that the
effect of rectification on output energy is basically the same as the effect
on average power. At frequency not exceeding 5 Hz, the energy density
of TENG after rectification is superior to that of EMG, which is improved
than the result without rectification. In addition, the detailed energy
integration curves are exhibited in Fig. S6 (Supporting information) and
the value of energy loss per cubic centimeter for TENG and EMG at
different frequencies are shown in Fig. S7 (Supporting information). The
reasons for more severe power and energy losses of EMG than that of
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TENG are described in detail in the Supplementary Note 1. Fig. 3e
demonstrates the energy utilization efficiency of both generators with
the rectifier act as the energy management unit, which characterizes the
ratio of the maximum output energy before and after rectification. The
result demonstrates that the energy utilization efficiency of EMG is
inferior to that of TENG at various frequencies, and it is merely 0.26 %
for EMG while can up to 68.27 % for TENG at 1.5 Hz. At a frequency of
5 Hz, the energy utilization efficiency of TENG reach the maximum of
98.84 %, and then it stabilizes and reduces slightly as the frequency
increases. TENG achieves the maximum energy utilization efficiency at
5 Hz may be also related to the inadequate contact between the two

tribo-materials of TENG at high frequency. According to Eq. (8), the
output energy is proportional to the average power, and Supplementary
Note 2 described that when the frequency is excessive (> 5 Hz), the
average power loss rate of TENG gradually increases, so the loss rate of
output energy also gradually increases, therefore the energy utilization
of TENG no longer increases at a frequency greater than 5 Hz. Therefore,
some measures we can take to achieve complete contact between the
two tribo-layers to further reduce the energy loss during rectification,
such as physical or chemical treatment of the material surface, choosing
a softer friction material, or selection of a liquid material as the tribo-
layer.
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Moreover, the maximum utilization efficiency of EMG is up to
66.36 %, but it is much less than that of TENG of 98.84 %. The different
energy loss of TENG and EMG is mainly caused by the different degree of
drop in output voltage of the load resistor after accessing the rectifier
bridge. The output voltage of the load resistor will change after the
rectifier bridge is connected, and the voltage change rate of TENG is
much smaller than that of EMG. Since the output energy is proportional
to the square of output voltage (as shown in Eq. (8)), the output energy
of TENG after rectification is reduced only a little due to a slight drop in
voltage, which leads to a low energy losses and thus a high energy uti-
lization efficiency of 98.84 %. In contrast, the rectified EMG has a larger
voltage loss rate, as shown in Fig. 2b, resulting in a roughly larger energy
loss and a low energy utilization efficiency of 66.36 %.

In practical applications, the generators can directly drive the LED,
and the current through the LED and the corresponding LED luminous
photos at different frequencies are shown in Fig. 3f. At frequencies not
exceeding 5 Hz, the LED driven by TENG is brighter and the current is
larger than that of EMG. As the frequency exceeds 5 Hz, the EMG-driven
LEDs have larger current, and the brightness of LEDs is comparable to
that driven by TENG to the naked eye. Fig. 3g and Fig. 3h displays the
curves of charging 1 pF capacitor by rectified TENG and EMG, respec-
tively, and it illustrates that the saturation voltage of the capacitor
charged by TENG is always larger than that of the capacitor charged by
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EMG at various frequencies.

In order to verify the accuracy of the conclusion that the effect of
rectification on the losses of the output performance on EMG is more
severe than the effect on TENG, we measured the output power and
energy of EMGs with various turns and various wire diameters. The
resistance of the load connected in the circuit always matches the in-
ternal resistance of the coil, and the resistance of coils are presented in
Section 2. Fig. 4a and Fig. 4b demonstrate the open-circuit voltage and
short-circuit current for EMG with different wire diameters and same
turns (13,000 turns) at various frequencies, indicating that they both
show a good linear relationship with frequency basically. Moreover, the
open-circuit voltage diminishes while the short-circuit current grows
gradually as the wire diameter increases, and the change in voltage can
be attributed to the variation in the number of effective turns. With the
magnetic flux changing from the maximum (minimum) to the minimum
(maximum), the effective displacement between the magnet and the coil
is a constant, and the effective number of turns corresponding to a
thicker wire is smaller than that of a thinner one at the same displace-
ment, thus the corresponding open circuit voltage is smaller. In addition,
a thicker coil corresponds to a smaller resistance, which leads to larger
short-circuit currents. Fig. 4c compares the maximum peak power of
EMGs with different wire diameters before and after rectification. Before
rectification, the maximum peak power grows gradually first as the wire

Fig. 4. Output performance of EMG
fabricated with different wire diameters

of coils before and after rectification at
different frequencies. (a-b) Open-
circuit voltage (a) and short-circuit
current (b) for EMGs with different
wire diameters at various frequencies.
(c-d) Maximum peak power (c) and
average power density (d) before and
after rectification for EMGs with
different wire diameters. (e) Compari-
son of energy density after rectification

of TENG and EMG with different wire
diameters. (f) Energy utilization effi-
ciency of TENG and EMG with different
wire diameters.
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diameter increases to 0.08 mm and then decreases slightly as the wire
diameter up to 0.1 mm, and the decline of power may be also related to
the decrease in the effective number of turns of the coil. After rectifi-
cation, the maximum peak powers of all different coils are reduced. In
addition, Fig. 4d shows the average power densities of EMGs with
different wire diameters before and after rectification, and the results
are essentially the same as the changing law of the maximum peak
power. Fig. 4e compares the energy density of TENG and EMGs with
different wire diameters after rectification and shows that the energy
density of TENG is greater than that of EMG at frequencies less than 4 Hz
and is inferior to EMG at frequencies above 4 Hz. Nevertheless, the
energy density of TENG is always smaller than EMGs with different wire
diameters without rectification , as exhibited in Fig. S8 (Supporting
information). The above results reveal that the rectification causes much
more energy loss to EMG than to TENG, especially at low frequency.
Fig. 4f displays the energy utilization efficiency of TENG and above
EMGs and that of EMG grows gradually as the wire diameter gets thinner
and frequency gets larger, and the maximum value reaches 54.83 % at a
wire diameter of 0.06 mm and frequency of 10 Hz, whereas all utiliza-
tion efficiency are smaller than TENG at the same frequency.

In addition, a series of experiments on the output performance of
EMGs with various turns and same wire diameter of 0.05 mm were
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carried out. Fig. 5a and Fig. 5b indicates that the open-circuit voltage
improves and the short-circuit current falls respectively as the number of
turns increases, and the decline in short-circuit current can be attributed
to the larger internal resistance of coil with more turns. Furthermore, the
maximum peak power rises gradually with the increase of turns before
rectification and it shows the same pattern after rectification, as shown
in Fig. 5c. Fig. 5d demonstrates that the average power density increases
basically with the increasing of turns, and there is a slight decrease at
turns of 25,000 T, which is due to the current drop caused by the
excessive resistance. Fig. 5e compares the energy density of TENG and
the EMG with various turns after rectification and illustrates that the
energy density of TENG is more advantageous than that of EMGs with
various turns while the frequency is roughly below 2.5 Hz. Meanwhile,
the energy density of TENG and EMGs with various turns before recti-
fication is shown in Fig. SO (Supporting information). Fig. 5f compares
the energy utilization efficiency of TENG and above EMGs. Similarly, the
energy utilization efficiency of EMG increases gradually with the coil
turns and frequency grows, and reaching a maximum value of 71.73 %
at a turn of 25,000 T and frequency of 10 Hz, yet all the values are
inferior to that of TENG at the same frequency. From the above results
we can conclude that reducing the wire diameter of the coil and
increasing the number of turns can improve the energy utilization

Fig. 5. Output performance of EMG
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efficiency of EMG, so the energy loss of EMG after rectification can be
further reduced by optimizing the coil parameters.

4. Conclusion

In summary, we compared the loss of output performance of TENG
and EMG in contact-separation mode at different frequencies after
rectification. The results illustrate that the voltage loss rate after recti-
fication for EMG is more serious than that of TENG, and it is rather 1
severe at low frequencies for EMG compared to that of TENG, leading to
a more significant loss of the output power and energy for EMG. The
maximum peak power of TENG is higher than that of EMG at low fre-
quencies before rectification, and the frequency range in which TENG
outperforms EMG is further expanded after rectification due to the more
severe peak power loss of EMG than that of TENG. Besides, the average
power loss rate decreases roughly with increasing frequency and the loss
rate of TENG is consistently lower than that of EMG at same frequency,
and it is especially obvious at low frequencies, reaching a maximum of
31.73 % for TENG and 99.74 % for EMG at a low frequency of 1.5 Hz.
Moreover, the energy utilization efficiency of TENG is always larger
than that of EMG at various frequency, with a minimum of 68.27 % and
a maximum of 98.84 % for TENG, while the corresponding values for
EMG are only 0.26 % and 66.36 %, and this contrasting characteristics is
verified in EMG with different number of turns and different wire di-
ameters. This work reveals the superiority of TENG compared to EMG in
terms of a low loss of power and energy after rectification, and provides
an important guidance for the study of the applications of DC-TENG.
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