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Structural parameter, such as device structure, and operational parameters, such as load resistance and droplet
arrangement, were studied on the vibrational droplet triboelectric nanogenerators. Single-droplet devices with
different structures were tested and theoretically analyzed. It is discovered that the device structure influences
the output power by changing the triboelectric charge and the tribo/inductive capacitance ratio. The dependence
of the optimal load resistance on the droplet number and the vibration frequency was experimentally studied

with parallel-droplet devices. Calculations were performed to quantify the relationship between the optimal load
resistance and the influential factors. The output performance of the serial-droplet device was measured and
compared with that of the single-droplet and parallel-droplet devices. It is found that their output performance is
significantly affected by the parasitic capacitance.

1. Introduction

Triboelectric nanogenerator (TENG) is a novel energy harvesting
technology that converts the mechanical energy into electricity by uti-
lizing triboelectricity [1-3]. A large variety of the TENGs have been
developed with different structural designs [4-15] for the applicability
and flexibility for various energy sources [15-26] and various applica-
tions [2,27-37]. The vibrational droplet triboelectric nanogenerator
converts the vibrational energy into electrical energy on the basis of the
contact electrification between the liquid droplet and the solid mate-
rials. Such devices emerge as an alternative to the TENGs based on the
triboelectric effect of two different solid materials. The presence of the
liquid droplet eliminates the abrasion between solid materials, which
helps to avoid material degradation and performance decrement and
improves the stability and durability [38-43]. In order to improve the
output performance of the vibrational droplet TENGs, extensive study
has been conducted on the structural and operational parameters, such
as droplet volume, ion concentration, vibration frequency, vibrational
amplitude, load resistance, bias voltage, and temperature [44-48].
However, there still exist several important issues that have not been
clearly elucidated, such as the device structure, the optimal load resis-
tance, and the serial-droplet device.
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Various device structures have been reported in the literature. The
device proposed by Krupenkin and Taylor [44] consisted of a hydro-
phobic top plate containing a dielectric layer and a hydrophilic bottom
plate without a dielectric layer. The device developed by Kwon et al.
[45] was composed of hydrophobic top and bottom plates both without
a dielectric layer. A more common structure, which includes a hydro-
phobic top plate and a hydrophilic bottom plate both without a dielec-
tric layer, was adopted in some vibrational droplet TENGs [46-48].
Until now, the output performance of different device structures has not
been compared and the optimal structure for better output performance
has not been pointed out. Therefore, the first focus of this paper is the
effects of the device structures.

It has been reported that the output power of the vibrational droplet
TENG first increased and then decreased as the load resistance increased
[47,48], which is also found in other TENGs [49-51]. There exists an
optimal load resistance at which the output power reaches the maximum
value, which is crucial for the performance optimization. However, how
the optimal load resistance is influenced is still not clearly understood.
Hence, the second focus of this paper is the dependence of the optimal
load resistance.

For the practical application of powering electronic devices, parallel
droplets were formed to increase the output power [46]. In addition to
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the parallel-droplet device, the serial-droplet device that contains
droplets connected in series is also an alternative. However, the output
performance of the serial-droplet device is rarely reported. Thus, the
third focus of this paper is the serial-droplet device.

In this paper, the output performance of the vibrational droplet
TENGs with different structures were measured. The influencing
mechanism of the device structure on the output power was further
investigated by theoretical analysis. Next, the dependence of the optimal
load resistance on the droplet number and the vibration frequency was
experimentally studied. Empirical fitting and theoretical calculations
were also performed to clarify the quantitative relationship between the
optimal load resistance and the related factors. Furthermore, the output
performance of the serial-droplet device was measured and compared
with that of the single-droplet and parallel-droplet devices.

2. Methods
2.1. Device setup

Generally, the vibrational droplet TENG is composed of a top plate, a
water droplet, and a bottom plate. For the study of device structures,
single-droplet devices with different top plates and bottom plates were
used, as shown in Fig. 1. ITO glass, SU-8, and Teflon were employed as
the electrode, dielectric layer, and hydrophobic layer, respectively. For
the study of optimal load resistance, the parallel-droplet devices were
used, as shown in Fig. 2a. An ITO glass coated with a hydrophobic layer
Shieldex served as the hydrophobic top plate, while an ITO glass was
used as a hydrophilic bottom plate. In order to fix the locations of the
droplets and prevent them from merging with one another, a patterned
hydrophobic layer Shieldex was fabricated on the bottom plate. In the
study of serial-droplet device, both the top and bottom plates were
composed of a patterned ITO electrode and a patterned hydrophobic
layer Shieldex for the serial connection of the water droplets, as shown
in Fig. 2b.

2.2. Device fabrication

For the single-droplet devices, the fabrication process is described as
follows. ITO glass was immersed in acetone, isopropanol, and deionized
water in sequence and sonicated in the ultrasonicator for at least 5 min.
Then, the ITO glass was dried by CDA (clean dry air) and baked at 150 °C
for 5 min. SU-8 2002 (Microchem) was spin-coated on the ITO glass at
4500 rpm for 60 s as a dielectric layer and soft baked at 95 °C for 5 min.
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After exposed to UV light with a dose of 200 mJ cm ™2, the glass was soft
baked at 95 °C for 5 min and then hard baked at 150 °C for 30 min. 0.5%
Teflon AF1600 (DuPont) was spin-coated on the ITO glass at 3000 rpm
for 30 s as a hydrophobic layer and hard baked at 150 °C for 30 min. The
thickness of SU-8 and Teflon were measured to be 2.6 ym and 70 nm,
respectively. The dielectric layer and the hydrophobic layer are not al-
ways required, depending on the structure of the device.

For the parallel-droplet devices, the fabrication process is similar to
that of the single-droplet devices, except that Shieldex supplied by In-
tegrated Surface Technologies was used as the hydrophobic layer
instead of Teflon. Shieldex was deposited on the ITO glass in the
chemical vapor deposition system (Integrated Surface Technologies
BL200) for 15 min with the electrode power of 105 W and the chamber
pressure of 200 mTorr. The thickness of Shieldex was 37 nm. The bottom
plate with a patterned hydrophobic layer was fabricated by photoli-
thography, deposition, and lift-off processes, which is described as fol-
lows. Photoresist AZ5214 (Clariant) was spin-coated on the ITO glass at
4000 rpm for 40 s and soft baked at 110 °C for 90 s. Then, the glass was
covered by a mask and exposed to UV light with a dose of 140 mJ cm™2,
Subsequently, the glass was immersed in developer NMD-3, rinsed by
deionized water, dried by CDA and baked at 145 °C for 5 min, achieving
patterned photoresist. After Shieldex was deposited on the ITO glass
with patterned photoresist, the Shieldex was patterned with a lift-off
process by immersing the glass in the stripper NMP, resulting in a
patterned hydrophobic layer.

For the serial-droplet device, both the ITO electrode and the hy-
drophobic layer were patterned. The patterned ITO electrodes were
fabricated by photolithography and wet etching in aqua regia (HNOs:
HCL:H20 = 1:3:6) at 49 °C. Then, the patterned hydrophobic layer was
fabricated by photolithography, deposition, and lift-off, as described in
the fabrication of the parallel-droplet devices.

2.3. Performance test system

The performance test system of the vibrational droplet TENG is
shown in Fig. S1. The bottom plate of the TENG was fixed on the elec-
tromagnetic shaker (Labworks ET-126-4), while the top plate was
attached to the cantilever of the elevator. The gap between the top and
the bottom plates was modulated through the elevator. The bottom plate
was oscillated by the electromagnetic shaker powered by the electrical
signal generated by the function generator (Agilent 33210A) and
amplified by the power amplifier (Labworks PA-141). The electrical
signal produced by the TENG was measured by the electrometer

Fig. 1. Schematic of different device structures.
(a) Structure V1 used ITO+Teflon as the top plate
/ \ and ITO+SU-8+Teflon as the bottom plate. (b)

Structure V2 used ITO+Teflon as the top plate and
ITO+Teflon as the bottom plate. (¢) Structure V3
used ITO+SU-8+Teflon as the top plate and
ITO+SU-8 as the bottom plate. (d) Structure V4

V3
) used ITO+Teflon as the top plate and ITO+SU-8 as
T: ITO+SU-8+Teflon the bottom plate. (e) Structure V5 used ITO+SU-
B: ITO+SU-8 8-+Teflon as the top plate and ITO as the bottom
plate. (f) Structure V6 used ITO+Teflon as the top
[ ] plate and ITO as the bottom plate.
[ |
i / \ ]
[ |
V6
T: ITO+Teflon

B: ITO
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Fig. 2. Schematic of the parallel-droplet and serial-droplet devices. (a) Parallel-droplet device. (b) Serial-droplet device.

(Keithley 6517B) and collected by the LabVIEW program.

3. Theoretical model

Moon et al. [46] proposed a theoretical model to elucidate the
working principle of the vibrational droplet TENG which contained a
hydrophobic top plate and a hydrophilic bottom plate. The model was
adopted and extended here to describe the working process of other
device structures, as shown in Fig. 3. When the water droplet is in
contact with the solid, an electrical double layer (EDL) is formed at the
liquid-solid interface [52-55], resulting in a negatively charged hydro-
phobic layer and a positively charged water droplet. Since the structure
of the EDL is similar to that of a capacitor, it can be treated as a capacitor
[56-58]. When the bottom plate is vertically vibrated, the gap between
the top and bottom plates is varied, resulting in variations of the contact
areas of the droplet with the top plate At and the bottom plate Ag. Given
that the capacitances of the top and bottom EDL (Ct(t), Cg(t)) are pro-
portional to the contact areas (At(t), Agp(t)), the capacitances can be
presented by

e0Ar (1)
i) =55 o M
€H €D €L
€0Ag(7)
Calr) =t @
Eim+L
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+ + +
Drople“ Rioag
| —
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Vg —E Q/Cqg

Vy = Vg

(c)

where ty, tp, and t;, (ey, ep, and ¢) are the thickness (relative permit-
tivities) of the hydrophobic layer, dielectric layer, and EDL, respectively,
and ¢y is permittivity of vacuum.

Before the vibration commences, the top capacitor Ct and the bottom
capacitor Cp are in equilibrium that Vy=Vp, as shown in Fig. 3a. The
corresponding equivalent electrical circuit is depicted in Fig. 3c, where
Qr and Qg are the surface charges stored on the capacitors Ct and Cg,
respectively. Hence, Qr = CtVt and Qg = CgVp. When the droplet is
squeezed or drawn due to the vertical oscillation of the bottom plate, the
contact areas At and Ap and thus the capacitors Ct and Cp change,
leading to variations in Vy and V. As a result, a voltage difference Vp-Vp
is established, driving the electrons flow from one plate to the other
plate. Consequently, electrical current is generated in the external cir-
cuit, as shown in Fig. 3b. The corresponding equivalent electrical circuit
is depicted in Fig. 3d. Assuming that the bottom plate starts to approach
the top plate at t = 0, the governing equation of the electrical circuit
shown in Fig. 3d can be expressed as

(Rioaa +RL) dijj(lt) = Va(t) — Valt) = QBC;(;I)(’) -~ QTC-:(;I)(Z) .
t=0, ¢g=0

where Rjo,q is the load resistance, Ry, is the droplet resistance, and q(t) is
the increment (decrement) of the top (bottom) charge at time t.
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Fig. 3. Schematic of the working principle and the equivalent electrical circuits of the vibrational droplet TENG. (a) Initially, the system is in equilibrium. (b) During
vibration, the electrons flow through the external circuit due to the variations of the contact areas between the droplet and the plates. (c) The equivalent electrical
circuit for the initial state. (d) The equivalent electrical circuit during the vibration.
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4. Results and discussion
4.1. Device structures

4.1.1. Experimental results

The effects of the device structures on the output performance of the
single-droplet devices were studied. Fig. 1 depicts six types of structures
of the vibrational droplet TENGs. For the structures V1 and V2, each
contained two hydrophobic plates, while the structure V1 also included
a dielectric layer. For the structures V3-V6, each contained a hydro-
phobic plate and a hydrophilic plate, while the structures V3-V5
involved dielectric layers at different locations. The output performance
of these devices was tested with a water droplet of 40 pl, an initial gap of
2.5 mm, and a load resistor of 10 MQ. The bottom plate was oscillated in
sine waveform with a frequency of 1 Hz and an amplitude of 0.6 mm.

The output voltage and power of different device structures are
shown in Fig. 4. It is found that the devices with two hydrophobic plates
(V1 and V2) generated lower voltage (power) than those with one hy-
drophobic and one hydrophilic plates (V3-V6). When both plates are
hydrophobic, it was observed that the contact areas of the droplet on
both plates (Ar(t) and Ag(t)) varied synchronously during the oscillation
period. According to Eq. (3), the synchronous variations of the top and
bottom contact areas resulted in a smaller potential difference between
the top and bottom electrodes. In an extreme case that the top and
bottom contact areas are equal to each other all over the oscillation
period, charge transfer does not take place and output voltage cannot be
generated. Therefore, devices where both plates are hydrophobic pro-
duced smaller output voltage (power).

For the devices that contained only one hydrophobic plate (V3-V6),
it can be seen that the presence of the dielectric layer showed a signif-
icant influence on the output voltage and power. By comparing the
structures V5 and V6, it is found that the output power was decreased by
adding a dielectric layer to the hydrophobic plate. By comparing the
structures V3 and V4, it is found that the output power was improved
when a dielectric layer was added to the hydrophobic plate. Inserting a

Nano Energy 70 (2020) 104473

dielectric layer into the device does not always reduce the electrical
output.

4.1.2. Theoretical calculations

In order to clarify the influence of the dielectric layer, theoretical
calculations were performed. Here, the focus is concentrated on the
devices that contain a hydrophobic plate and a hydrophilic plate
(V3-V6). For the structures V3-V6, the hydrophobic and hydrophilic
plates were used as the top and bottom plates, respectively, in the ex-
periments. Therefore, Qr and Qg are the charges on the hydrophobic and
hydrophilic surfaces, respectively. It should be noted that the surface
charge Qr intrinsically originates from the triboelectrification between
the hydrophobic layer and the droplet, while the surface charge Qg is
formed due to the induction of Qr. For clarity, Qr and Qg are called
triboelectric charge Qr and inductive charge Qj, respectively. Accord-
ingly, the hydrophobic top (Cr) and hydrophilic bottom (Cg) plates can
be called triboelectric (Ct) and inductive (C;) plates, respectively. Ac-
cording to the theoretical model, the dielectric layer influences the ca-
pacitances (Cr, Cp) and the surface charges (Qr, Q). However, it is noted
the inductive charge (Qp) is just a function of the triboelectric charge
(Q) and the capacitances (Cr, Cp). Hence, it is pivotal to investigate the
effects of the dielectric layer on the triboelectric charge and the
capacitances.

The impact on the triboelectric charge was studied via calculations.
Eq. (3) and the parameters in Table S1 were used to calculate the
triboelectric charge Qr by fitting the output voltage and power in Fig. 4.
Table 1 shows different structures and the corresponding triboelectric
charges. By comparing the structures V3 with V4, and V5 with V6, it is
found that the triboelectric charge Qr decreased after adding a dielectric
layer to the triboelectric plate. The charge reduction can be attributed to
the increased distance between the triboelectric surface and the elec-
trode, which has been proved by Yatsuzuka et al. [59,60] and Tang et al.
[61]. By comparing the structures V3 with V5, and V4 with V6, it is
found that the triboelectric charge Qr was barely affected after inserting
a dielectric layer to the inductive plate. As for the impact on the
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Fig. 4. Output voltage and power of different device structures. (a) Structure V1. (b) Structure V2. (c) Structure V3. (d) Structure V4. (e) Structure V5. (f) Struc-

ture V6.
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Fig. 5. Calculation results of the output power of different device structures. (a) Output power as a function of triboelectric charge. (b) Output power variation when
the thickness of the dielectric layer on the triboelectric plate was varied. (c) Output power variation when the thickness of the dielectric layer on the inductive plate

was varied.

Table 1
Calculation results of single-droplet devices with different structures. Power is
calculated on the triboelectric charge.

Structures  Top plate Qr Bottom plate Qs Power
(nC) (nC) W)
V1 ITO+Teflon 12.56 ITO+SU-8 0.53 0.92
+Teflon

V2 ITO+Teflon 1.35 ITO+Teflon 1.54 1.61

V3 ITO+SU-8 0.43 ITO+SU-8 0.77 4.85
+Teflon

V4 ITO+Teflon 1.94 ITO+SU-8 0.13 1.77

V5 ITO+SU-8 0.44 ITO 177.20 11.16
+Teflon

V6 ITO+Teflon 2.10 ITO 31.32 204.44

capacitances, it is obvious that adding a dielectric layer to the tribo-
electric (inductive) plate reduces the triboelectric (inductive) capaci-
tance Ct (Cp.

After studying the variations of the triboelectric charge and the ca-
pacitances, their effects on the output power were calculated. It is found
that the output power increases linearly with the square of the tribo-
electric charge, as shown in Fig. 5a. As for the capacitances, it is
discovered that the output power increases as the tribo/inductive
capacitance ratio Cp/C; decreases, as depicted in Fig. 5b and c. The
output power increases with a decreasing Ct/Cj until Cr/C is reduced to
0.1. When Ct/Cj is smaller than 0.1, the output power is almost not
affected by Cr/Ci. It should be noted that the triboelectric capacitance Cr
used here is the average capacitance over the vibration period T and is
presented by

T
Cr= l / CT(l)dt (4)
T Jo

From the above discussion, adding a dielectric layer to the tribo-
electric plate reduces both the triboelectric charge Qr and the tribo/
inductive capacitance ratio Ct/C;. Since the reduced triboelectric charge
and capacitance ratio impose opposite effects on the output power, the
output power variation is determined by the more prominent factor. For
a device whose capacitance ratio is smaller than 0.1, the output power is
decreased after inserting a dielectric layer to the triboelectric plate,
because the negative effect of the reduced triboelectric charge is more
prominent. For example, when the device V6 (Cr/C; = 0.067) is trans-
formed to V5 by inserting a dielectric layer to the triboelectric plate, the
output power is decreased from V6 to V5 in Fig. 5b. For a device whose
capacitance ratio is larger than 10, the output power is improved when
adding a dielectric layer to the triboelectric plate, because the positive
impact of the reduced capacitance ratio is dominant. For instance, when
the device V4 (C1/C; = 15.11) is transformed to V3 by adding a dielectric

layer to the triboelectric plate, the output power is increased from V4 to
V3 in Fig. 5b.

Inserting a dielectric layer to the inductive plate increases the tribo/
inductive capacitance ratio Cr/C; but barely changes the triboelectric
charge Qr. As a result, the output power is always reduced after adding a
dielectric layer to the inductive plate. For example, when the device V5
(V6) is transformed to V3 (V4) by adding a dielectric layer to the
inductive plate, the output power is decreased from V5 (V6) to V3 (V4),
as shown in Fig. Sc.

From the above discussion, the optimum structure for maximizing
the output power can be theoretically determined as follows. Since
inserting a dielectric layer to the inductive plate always decreases the
output power, an inductive plate without a dielectric layer (ITO) is
favorable. When such inductive plate (ITO) is assembled with a tribo-
electric plate without a dielectric layer (ITO + Teflon), the capacitance
ratio Cr/Cj is 0.067, indicating that inserting a dielectric layer to the
triboelectric plate reduces the output power. Therefore, a triboelectric
plate without a dielectric layer (ITO + Teflon) should be used with an
inductive plate without a dielectric layer (ITO), which is just the struc-
ture V6. The experimental results shown in Fig. 4 and Fig. S2 also
confirm that the structure V6 generated maximum output power.

4.2. Optimal load resistance

4.2.1. Experimental results

Fig. 6a displays the output power of the parallel-droplet devices with
different droplet numbers as a function of the load resistance. The
electrical output was measured with each droplet of 5 pl and an initial
gap of 1.05 mm. The bottom plate was oscillated in a sine waveform
with a frequency of 30 Hz and an amplitude of 0.4 mm. It was observed
that the output power was enhanced from 0.04 uW to 7.55 pW as the
droplet number N was increased from 1 to 70. Besides, the output power
first increased and then decreased when the load resistance kept
increasing. There existed an optimal load resistance that maximized the
output power. Using the method described in the Supporting Informa-
tion, the optimal load resistance was estimated for different droplet
numbers, as shown in Fig. 6b. The optimal load resistance decreased as
the droplet number increased.

Fig. 6¢ depicts the output power of the parallel-droplet device with
different vibration frequency as a function of the load resistance. The
output performance was tested with 42 x 5 pul droplets and an initial gap
of 1.05 mm. The bottom plate was oscillated in a sine waveform with an
amplitude of 0.4 mm. The output power also first increased and then
decreased as the load resistance increased. It is shown in Fig. 6d that the
optimal load resistance reduced when the vibration frequency increased.
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4.2.2. Empirical fitting and theoretical calculations

Eq. (3) and the parameters in Table S2 were used to calculate the
optimal load resistance Rqp as a function of the vibration frequency f,
droplet resistance Ry, and system capacitance C. The system capacitance
is the average capacitance over the oscillation period T and is presented
by

C—l/T<L+ ! >7ldt 5)
T Jo \Cs Cr(d)

The dependences of the optimal load resistance on the vibration
frequency, droplet resistance, and system capacitance are depicted in
Fig. 7a—c, respectively. It can be seen that the optimal load resistance is
positively correlated with the droplet resistance and negatively corre-
lated with the vibration frequency and system capacitance. The calcu-
lation results in Fig. 7a-c are replotted in Fig. 7d, depicting the
dimensionless optimal load resistance Rqpi/Ry as a function of the
dimensionless parameter 1/fR;C. It can be seen that all data collapse
onto a curve presented by

o OI51 (- 0051)
R fR.C JRLC

This equation is the empirical formula of the optimal load resistance,
by which one can calculate the optimal load resistance when the vi-
bration frequency, droplet resistance, and system capacitance are given.

When the vibration frequency, the droplet resistance, or the system
capacitance is relatively small that 1/fR;C is larger than 10, the
impedance of the system capacitance 1/2afC is much larger than the
droplet resistance Ry, that 1/2nfC is predominant. In this case, Eq. (6) can
be approximated by

(6)

- 0.191

Ropt = o (@)

When the vibration frequency, the droplet resistance, or the system
capacitance is rather large that 1/fR;C is smaller than 1, the droplet
resistance Ry, is much larger than the impedance of the system capaci-
tance 1/2afC that Ry, dominates. Under this condition, Eq. (6) can be
simplified as

0.191
Rop =RL exp< - ® C) ~ Ry (8)
L

Eq. (7) indicates that the optimal load resistance is inversely pro-
portional to the vibration frequency when the vibration frequency is
small. Similar trends have been reported for other TENGs [62,63]. Eq.
(8) shows that the optimal load resistance is independent of the vibra-
tion frequency when the vibration frequency is large. The analytical
results of Egs. (7) and (8) are in good agreement with the calculation
results in Fig. 7a. The dependence of the optimal load resistance on the
system capacitance is the same as that on the vibration frequency. Eq.
(7) shows that the optimal load resistance is independent of the droplet
resistance when the droplet resistance is small. When the droplet resis-
tance is large, Eq. (8) shows that the optimal load resistance is equal to
the droplet resistance.

Alternatively, the optimal load resistance can also be derived using
the Helmholtz-Thévenin theorem [64] (see Supporting Information for
details). The optimal load resistances obtained from empirical curve
fitting and theoretical derivation are close to each other, as shown in
Fig. 7d, confirming the validity of the proposed formula.

Given the parameters in Table S2, the optimal load resistances for
different working conditions were theoretically calculated using Eq. (6).
The calculated results and the estimated results are plotted in Fig. 7e and
f. The calculated results are in good accordance to the estimated results
obtained from experiments, supporting the validity of the empirical
formula. At present the optimal load resistance is determined practically
by experiments with varying load resistance, which is tedious. With the
empirical formula and theoretical equations, the optimal load resistance
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can be estimated easily and rapidly, which is of great importance to the
performance improvement of the TENGs.

4.3. Serial-droplet vibrational TENG

4.3.1. Output power

The output performance of the serial-droplet vibrational TENG was
tested and compared with the single-droplet and parallel-droplet de-
vices. The serial-droplet device was tested with 80 x 5 pl droplets and an
initial gap of 1.05 mm. The bottom plate was oscillated in sine waveform
with the frequency of 5 Hz and the amplitude of 0.4 mm. The variation
of the output power with respect to the load resistance is depicted in
Fig. 8a. The output power of the serial-droplet device reached maximum
122.99 nW at load resistance 100 MQ. For the single-droplet device, the
maximum output power 40.40 nW was obtained between 1 MQ and 10
MQ. As for the parallel-droplet device with 70 x 5 pl droplets, the
maximum output power 7.55 pW was achieved at about 0.1 MQ. The
optimal load resistance of the serial-droplet was the largest, the single-
droplet was smaller, and the parallel-droplet was the smallest. This
can be attributed to the droplet resistances of different devices. The total
droplet resistance of the serial-droplet (N-Ry) was the largest, followed
by the single-droplet (Ry) and then the parallel-droplet (R./N). Since the
optimal load resistance is positively correlated with the total droplet
resistance, the optimal load resistance of these devices follow the same
order of their total droplet resistances.

The variation of the power density with respect to the load resistance
is shown in Fig. 8b. It can be seen that the maximum power density
produced by the parallel-droplet (1.45 pW cm™2) was the largest, fol-
lowed by the single-droplet (0.54 pyW cm™~2) and then the serial-droplet
(20.64 nW cm’z). However, according to Eq. (3), their maximum power
densities should be theoretically the same, because the working condi-
tion of each droplet in these devices is identical. The discrepancy be-
tween the experimental results and the theoretical analysis was
supposed to originate from the parasitic capacitance. The parasitic
capacitance Cp,, was connected in parallel with the TENG and the load,
as shown in Fig. S4. For the single-droplet device, since the system
capacitance was quite small, the parasitic capacitance exhibited a strong
impact, decreasing the output power [65,66]. For the parallel-droplet
device, its system capacitance was about N times larger than that of
the single-droplet device. The system capacitance was large enough that
the negative effect of the parasitic capacitance was diminished. As for
the serial-droplet device, its system capacitance was about N times
smaller than that of the single-droplet device. Therefore, the parasitic
capacitance gave rise to a more dramatic reduction in output power.

4.3.2. Output voltage

The variation of the output voltage with respect to the load resistance
is displayed in Fig. 8c. The output voltage increased and then plateaued
as the load resistance increased. The maximum output voltage of the
serial-droplet, parallel-droplet, and single-droplet devices were 4.33 V,
1.78 V, and 0.70 V, respectively. Given that the load resistance is infi-
nitely large, the equivalent electrical circuit is depicted in Fig. 8d. When
the triboelectric capacitance Cr is maximized (minimized), the
maximum voltage Vpax (minimum voltage Vi) is achieved. The
maximum output voltage should be Viax-Vinin. Therefore, the theoretical
values of the maximum output voltage of the single-droplet, parallel-
droplet, and serial-droplet devices are respectively presented by

Or  Or

Vsingle theo = 9
Single CT.m'm CT.max ( )
v _NOx  NOr _ Or O 10)
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Fig. 8. Output performance of the serial-droplet, parallel-droplet, and single-droplet devices. (a) Output power as a function of load resistance. (b) Power density as a
function of load resistance. (c) Output voltage as a function of load resistance. (d) Equivalent electrical circuit of the maximum output voltage when parasitic
capacitance is not considered. (e) Equivalent electrical circuit of the maximum output voltage when parasitic capacitance is considered. (f) The theoretical and actual
maximum output voltage of the single-droplet device as a function of parasitic capacitance. (g) The theoretical and actual maximum output voltage of the parallel-
droplet device as a function of droplet number. (h) The theoretical and actual maximum output voltage of the serial-droplet device as a function of droplet number.

where Crmax and Ctmin are the maximum and minimum values of the
triboelectric capacitance, respectively, and N is the droplet number.
According to Eq. (9)-(11), Vparallel should be equal to Vsingle, While Vserial
should be N times of Vgingle. In the present experiments, however, the
parallel-droplet generated much larger output voltage than the single-
droplet. The serial-droplet device, which contained 80 droplets ar-
ranged in series, produced only 6-fold output voltage compared with the
single-droplet. The discrepancy between the experimental results and
the theoretical derivation was probably caused by the parasitic capaci-
tance. Since the system capacitance of the TENG is quite small, it is
important to take the parasitic capacitance into account [65,66]. When
the parasitic capacitance is included in the equivalent electrical circuit,
as shown in Fig. 8e, the actual values of the maximum output voltage are
expressed as

VSing]e.act =
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Eq. (9) and Eq. (12) are plotted in Fig. 8f. It can be seen that the
actual voltage of the single-droplet decreases as the parasitic capaci-
tance increases. By comparing Eq. (13) with Eq. (12), it is noted that the
parallel connection of the droplets increases the system capacitance
(N-C; and N-Cy), which diminishes the impact of the parasitic capaci-
tance and thereby increases the actual voltage, as shown in Fig. 8g. By
comparing Eq. (14) with Eq. (12), it can be found that the serial
connection of the droplets decreases the system capacitance to C;/N and
Cr/N, which increases the negative impact of the parasitic capacitance.
Therefore, the deviation of the actual voltage from the theoretical value
increases with the increasing droplet number, as shown in Fig. 8h.
Although the serial-droplet still generates higher voltage than the single-
droplet, the output voltage enhancement obtained is not as remarkable
as expected.

Besides the parasitic capacitance, the triboelectric charge density is
also an important factor for the output discrepancy. The triboelectric
charge density is dominant in determining the output. However, it is
difficult to obtain the accurate value of the triboelectric charge density
from experiment. The triboelectric charge used in calculation is only an
estimated value, which inevitably leads to discrepancy.

For the multiple droplet devices, the desynchronization effect is
another important factor for the output discrepancy. The contact area
A1(t) of each droplet cannot perfectly synchronize with each other
during oscillation, because all droplets are not exactly the same size, the
hydrophobic coating is not absolutely uniform, and the top and bottom
plates are not absolutely parallel. Since the desynchronization effect
varies from case to case, it is hard to involve it in the calculations.

5. Conclusions

Vibrational droplet TENGs with different structures were experi-
mentally studied and theoretically analyzed. When the tribo/inductive
capacitance ratio was larger than 10, adding a dielectric layer to the
triboelectric plate increased the output power. When the tribo/inductive
capacitance ratio was smaller than 0.1, inserting a dielectric layer to the
triboelectric plate decreased the output power. Addition of a dielectric
layer to the inductive plate always diminished the output power. The
dependence of the optimal load resistance was also investigated. The
optimal load resistance was positively correlated with the droplet
resistance and negatively correlated with the vibration frequency and
the system capacitance. Empirical formula and theoretical equations
were developed for calculating the optimal load resistance. The output
performance of the serial-droplet device was tested. Compared to the
single-droplet and parallel-droplet devices, the serial-droplet device
generated the lowest power density but produced the largest output
voltage. Since the system capacitance of the serial-droplet device was
very small, its output performance was drastically impaired by the
parasitic capacitance, leading to a much smaller output power and
voltage enhancement.
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