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A B S T R A C T   

Wave energy collector (WEC) based on triboelectric nanogenerator (TENG) (W-TENG) is excellent candidate in 
complex marine environments. However, the improvement of energy conversion efficiency and understanding of 
motion mechanisms of W-TENG were limited due to the lack of theoretical basis. Here, based on the theory of 
hydromechanics, an energy conversion model is proposed to unveil the energy conversion mechanism and 
interaction mechanism between W-TENG (solid) and water wave (liquid) during the wave energy harvesting 
process. An inverted pendulum-typed multilayer triboelectric nanogenerator (IPM-TENG) is developed to capture 
water wave energy in weak wave environment (wave height: 2–13 cm, wave frequency: 0.5–1.25 Hz). Guided by 
the theoretical model and hydrodynamic experiments, the structural parameters and output performance of the 
device are further optimized. Most importantly, the available energy conversion efficiency of the optimized 
device is up to 14.5%. Furthermore, the optimized IPM-TENG can serve as a console for the ‘on demand’ release 
of pesticides to promote the development of self-powered smart agriculture. This work can not only provide 
guidance for the design and energy conversion efficiency improvement of future blue energy harvesting devices, 
but also accelerate the commercial rollout and practical application of W-TENG.   

1. Introduction 

Liquids in nature have enormous energy, and the ocean energy with 
huge quantity is one of the most sustainable energy sources, which is 
expected to be developed and applied on a large scale [1–3]. Despite 
decades of exploration, the current water wave energy harvesting 
schemes are still insufficient [4–8]. 

Triboelectric nanogenerator (TENG), derived from Maxwell’s 
displacement current, is based on the coupling of triboelectric electri
fication and electrostatic induction [9–15]. Because the merits of effi
cient conversion of irregularly distributed ambient mechanical energy 
into electrical energy, lightweight, low cost, diverse materials and 
structures, TENG exhibits overwhelming advantages over 

electromagnetic generator (EMG) for the collection of low-frequency 
ocean wave energy [16–18]. So far, TENG with various structures and 
working mechanisms have been developed to harvest water wave en
ergy according to the characteristics of waves [19–21]. And recently, Xu 
et al. experimentally studied the interaction between W-TENG with 
different shape characteristics and water waves [22]. Wang et al. studied 
the hydrodynamic characteristics of W-TENG under different structural 
parameters and wave conditions through experimental tests and soft
ware simulations [23]. However, the mechanism of the coupling be
tween the W-TENG and the water wave includes the dynamic process 
and the corresponding energy conversion mechanism has been seldom 
studied in theory [24–27]. 

In this work, an energy conversion model is built based on the theory 
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of hydromechanics (linear wave theory and Morison equation), which 
specifies the dynamic process of the interaction between the W-TENG 
(solid) and the water wave (liquid fluid), and the corresponding energy 
conversion mechanism. Taking the inverted pendulum-typed multilayer 
TENG (IPM-TENG) as an example, the model successfully calculated the 
motion trajectory and captured energy of the IPM-TENG during the 
interaction with the water wave. Under different structural parameters 
and wave conditions, the captured available energy calculated by the 
model has the same trend of variation as the electric energy obtained by 
the IPM-TENG in the actual water wave. The optimized device has an 
average power of 0.845 mW with an external load of 5 MΩ and an en
ergy conversion efficiency of 14.5% has been demonstrated. In addition, 
by harvesting ocean energy, IPM-TENG can be used to control the 
pesticide release and build self-powered smart agricultural systems. The 
proposed theoretical model can effectively assist the design and opti
mization of future W-TENG, improve the energy conversion efficiency in 
process of water wave energy harvesting, and facilitate the commercial 
promotion and practical application of W-TENG. 

2. Result and discussion 

2.1. Structure and working mechanism 

In the past, most studies focus on designing and optimizing the 
structure of water wave energy collector (WEC), so the interaction be
tween the water wave (liquid fluid) and WEC (solid) need further study 
to understand the nature of wave energy harvesting. An energy con
version model was developed to investigate the underlined fundamental 

science (Fig. 1a). Based on this model, the IPM-TENG, floating on the 
ocean surface, was designed and optimized for collecting water wave 
energy (Fig. 1b). Moreover, the controllable manner for releasing ag
rochemicals has the potential to transform conventional agricultural 
production systems. Fig. 1c illustrates that an IPM-TENG based 
controllable pesticide release system (ICPRS) is expected to build self- 
powered smart agriculture systems. For the practical wave energy har
vesting, an efficient energy conversion model needs to be constructed, 
the framework of which is shown in Fig. 1d. First, the WEC vibrates with 
water waves, capturing the parts of mechanical energy of the water, with 
an energy transmission efficiency of η1. Second, the parts of captured 
energy by WEC transfer to available energy with an energy transfer ef
ficiency of η2. Then, the moved WEC triggers the inner TENG units to 
work and output electric power, with mechanical to electrical conver
sion efficiency η3. 

The IPM-TENG is composed of a floating body with four independent 
multilayered paper-based TENG units and an acrylic shell, an assist 
body, and a connecting rod linked the floating body and the assist body 
(Fig. 1e). As shown in Fig. 1f four independent multilayered TENG units 
inside the acrylic shell of the floating body are labeled as units 1–4, 
respectively. The insert of Fig. 1f shows the photographs of the as- 
fabricated IPM-TENG and the single TENG unit. Each multilayered 
TENG unit has three basic contact-separation mode units, and they are 
connected by ropes to ensure that they can all work effectively. The 
basic TENG unit is fabricated by paper as substrate, aluminum foil (Al, 
30 µm) as electrodes, and polytetrafluoroethylene film (PTFE, 30 µm) as 
dielectric layer. The detailed fabrication process of TENG is displayed in 
the experimental section. 

Fig. 1. Structural and working principle of the proposed IPM-TENG. The conceptual and effective mechanism diagram of IPM-TENG for (a) energy conversion 
mechanism modeling, (b) wave energy harvesting, and (c) herbicide release control. (d) Energy conversion model for the energy harvesting performance of wave 
energy collector. (e) The structure photography of IPM-TENG. (f) Exploded view of the TENG units. (g) The working mechanism of TENG unit. 
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When the water wave triggers the IPM-TENG, the nuggets on the 
outside of TENG units move due to inertia and drive the multilayered 
TENG units to work. The working principle of a basic TENG unit is 
depicted in Fig. 1g, which is based on the couple of triboelectric elec
trification and electrostatic induction effect. In the initial state, the 
dielectric PTFE film and the Al electrode in the right are contacted with 
each other. Due to the triboelectric effect, the PTFE film captures 
negative charges and the Al electrode in the right captures the same 
number of positive charges, respectively (Fig. 1g (I)). Under the act of 
wave, the PTFE film gradually separates with the Al film in the right, the 
potential difference between the two Al electrodes causes the electrons 
flowing from the Al electrode in the left to the right through the external 
circuit and generating a pulse current (Fig. 1g (II)). When the PTFE film 
gradually contacts with the Al film in the right, a reverse current will 
generate in the load. Therefore, when the water wave continuously 
drives the IPM-TENG to work, an alternating current (AC) output can be 
produced. 

2.2. Hydrodynamic modeling 

In the complex ocean environment, the collection of wave energy is 
great challenging [28]. The following problems are the obstacles 

encountered in the process of structural design, for example, what are 
environmental loads subjected by the WEC, how does the WEC move in 
the wave condition, and what is the energy conversion mechanism in the 
energy harvesting process, and so on [29]. To solve those questions, an 
energy conversion model is built based on the linear wave theory and 
Morison equation. 

Suppose the designed IPM-TENG has rigid body motion in the water 
wave with wave height of H, and wavelength of L. A coordinate system 
xyz satisfying the right-hand rule is defined with the origin point O at the 
projected position of the crest of the linear wave on the still water level 
(SWL, z = 0). The origin point O` of the x`y`z` coordinate system is 
selected at the position of (x0, 0, 0) in the xyz coordinate system (Fig. 2a 
(I)). The center of gravity (COG) of the IPM-TENG, COG of the floating 
body, and COG of the assist body are defined as point C (x0, 0, z0), point 
A (x1, 0, z1), and point B (x2, 0, z2), respectively (per unit time). The 
details are all illustrated in Fig. S1a. The relationship among the vectors 
of rOA

̅→, rOC
̅→,rCA

̅→, rOB
̅→ and rCB

̅→ (per unit time) can descript as 

rOA
̅→ = rOC

̅→+ rCA
̅→ (1)  

rOB
̅→ = rOC

̅→+ rCB
̅→ (2)  

Fig. 2. Model construction and theoretical calculation of energy conversion mechanism. (a) Force analysis and principles of energy conversion of the two modes 
device in the wave. (b) The calculated trajectory of point A of the two-body mode in the xoy plane. (c) The details of captured energy (potential energy of the COG 
(Ep), translational kinetic energy of COG moving along the x-axis (Eh), translational kinetic energy of the COG moving along the z-axis (Ev), rotational kinetic energy 
(Er), total energy (Et)) of IPM-TENG in the two-body mode. (d) The calculated trajectory of point A of the single-body mode in the xoy plane. (e) The details of 
captured energy by IPM-TENG in the single-body mode. The available energy of the floating body and corresponding average energy with (f) different lengths of 
connecting rod (g) with different heights of wave. 
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the x and z components of the two Eqs. (1–2) can be written as 

x1 = x0 + r1cosθ (3)  

z1 = z0 + r1sinθ (4)  

x2 = x0 − r1cosθ (5)  

z2 = z0 − r1sinθ (6)  

here r1 and r2 are the distance between point C and point A, and the 
distance between point C and point B, respectively. θ is the angle be
tween the line of CA and the x-axis. Since the position of COG of any 
object is not affected by the state of motion, the state where the line AC 
of IPM-TENG is parallel to the x-axis is used to study the position of COG 
of the device. 

m1gr1 = m2gr2 (7)  

r1 + r2 = r = a1 + a2 + l (8)  

where m1 and m2 are the mass of the floating body and the assist body, 
respectively. g is the gravitational acceleration, r is the distance between 
point A and B. a1 and a2 are the radius of the floating body and the assist 
body, respectively. l is the length of the connecting rod. Thus 

r1 =
m2(a1 + a2 + l)

m1 + m2
(9)  

r2 =
m1(a1 + a2 + l)

m1 + m2
(10) 

For the energy conversion model, during the process of wave energy 
harvesting, the wave impacts the two modes of IPM-TENG, due to the 
relative motion and the viscosity between wave and IPM-TENG, wave 
loads FT1

̅→ and FT2
̅→ will generate on the floating body and assist body of 

IPM-TENG in the two-body mode, respectively (Fig. 2a (II)). Wave loads 
FT3
̅→ and FT4

̅→ will generate on the floating body and assist body of IPM- 
TENG in the single-body mode, respectively (Fig. 2a (III)). Here wave 
load refers to the resultant force of the drag force and inertial force on 
the research object exerted by the water wave. Those wave loads affect 
the state of IPM-TENG. In the meantime, the altered state and position of 
the IPM-TENG will change the wave distribution in turn. In the water 
wave energy harvesting process, the part of mechanical energy of water 
wave transfers to the IPM-TENG, and then the captured available me
chanical energy of IPM-TENG triggers the inside TENG units, at last, the 
TENG converts the mechanical energy into usable electrical energy 
(Fig. 2 and Fig. S1). 

According to the linear wave theory, temporal wave surface eleva
tion η(x, t) can be expressed as [30,31]. 

η(x, t) =
H
2

cos(kx − ωt) =
H
2

cos
(

2π
L

x − ωt
)

(11)  

here H, k, L, and ω are the depth, number, length, and angular frequency 
of the wave, respectively. The relationship between ω, the period T, and 
wave frequency f can be described as: 

f =
1
T
=

ω
2π (12) 

The corresponding velocity potential ϕ is 

ϕ =
Hg
2ω

ch[k(z + d)]
sh(kd)

sin(kx − ωt) (13)  

here d is the distance between the xoy plane and the seabed. The wave 
velocity ( vW

̅→) and the corresponding x components of wave velocity ( u→) 
and z components of wave velocity ( v→) at a point (x,y,z) are 

vW
̅→ = u→+ v→ (14)  

u→=
∂ϕ
∂x

=
πH
T

ch[k(z + d)]
sh(kd)

cos(kx − ωt) i→ (15)  

v→=
∂ϕ
∂z

=
πH
T

sh[k(z + d)]
sh(kd)

sin(kx − ωt) k
→ (16)  

where i
→

, and k
→

are the unit vectors in the x and z directions, 
respectively. The wave acceleration ( vW

̅→) and the corresponding x 

components of wave acceleration ( u̇
→

) and z components of wave ac

celeration ( v̇
→

) at a point are: 

˙vW
̅→

= u̇→+ v̇→ (17)  

u̇→=
du
dt

=
∂u
∂t

+
∂u
∂x

u+
∂u
∂z

v ≈
∂u
∂t

=
2π2H

T2
ch[k(z + d) ]

sh(kd)
sin(kx − ωt) i→ (18)  

v̇→=
dv
dt

=
∂v
∂t

+
∂v
∂x

u+
∂v
∂z

v ≈
∂v
∂t

=
2π2H

T2

sh[k(z + d) ]
sh(kd)

cos(kx − ωt) k
→ (19) 

Then use the Morison equation (per unit time) on the unconstrained 
research object [32,33]. 

FT
̅→

= FD
̅→

+FI
→ (20)  

FD
̅→

=
ρCDS

2
| vW
̅→− vT

→|( vW
̅→− vT

→) (21)  

FI
→

= ρCmVT

(
˙vW

̅→
− v̇T
→
)
+(ρVT − m)v̇T

→ (22)  

where FT
̅→ is the wave load, FD

̅→ is the viscous drag force term and FI
→

is the inertial force term. ρ is the density of water, CD and Cm are the drag 

coefficient and inertial force coefficient, respectively. vT
→ and 

(
v̇T
→)

are 

the velocity and acceleration of the research object at a point, respec
tively. m is the mass of the research object. S is the projected area of the 
research object normal to the wave, and VT is the immersed volume of 
the research object in the wave. 

Because the motion of IPM-TENG can be decomposed into the 
translation of point C, followed by a rotation about the point. The 
following can be obtained from Newton’s second law 

FD1
̅→

+ FI1
̅→

+Ff 1 k
→

− m1g k
→

+ FD2
̅→

+ FI2
̅→

+Ff 2 k
→

− m2g k
→

= (m1 +m2) a→

(23)  

where FD1
̅→, FI1

̅→, Ff1 k
→

, and m1g k
→

are the drag force, the inertial force, 
the buoyant force, and the gravity on the floating body, respectively. 

FD2
̅→, FI2

̅→, Ff2 k
→

and m2g k
→

are the drag force, the inertial force, the 
buoyant force, and the gravity on the assist body, respectively. a→ is the 
acceleration of IPM-TENG. Here, the connecting rob is very light, so the 
weight of it can be ignored. Writing the x and z components of Eq. (23) 
give 

FD1x +FI1x +FD2x +FI2x = (m1 +m2)ẍ0 (24)  

FD1z +FI1z +Ff 1 − m1g+FD2z +FI2z +Ff 2 − m2g = (m1 +m2)z̈0 (25)  

where FD1x, FI1x, FD2x and FI2x are the magnitude of forces FD1
̅→, FI1

̅→, 
FD2
̅→ and FI2

̅→ components in x direction, respectively. FD1z, FIz, FD2z 

and FI2z are the magnitude of forces FD1
̅→, FI1

̅→, FD2
̅→, 

and FI2
̅→ components in z direction, respectively. ẍ0 and z̈0 are the 

magnitude of the acceleration a→ component in x direction, and 
component in z direction, respectively. The calculation of projected area 
and invading volume for the floating body and assist body are shown in 
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Supporting Information note. 
The total torque of the device is 

M→= r1
→×

(
FT1
̅→

+Ff 1 k
→

− m1g k
→)

+ r2
→×

(
FT2
̅→

+Ff 2 k
→

− m2g k
→)

(26)  

where r1
→ and r2

→ are the arm of the net force of FT1
̅→

+ Ff1 k
→

+ m1g k
→

, and 

the net force of FT2
̅→

+ Ff2 k
→

+ m2g k
→

, respectively. According to the 
theory of rigid body rotation about a fixed axis 

M→= J θ̈
→

(27)  

J = m1r2
1 +m2r2

2 (28)  

where θ̈
→

is the rotational angular acceleration of the IPM-TENG about 
point C. And J is the moment of inertia of the IPM-TENG. The scalar form 
of Eq. (27) is given as 

M = r1(FD1x +FI1x)sinθ − r1
(
FD1z +FI1z +Ff 1 − m1g

)
cosθ − r2 (FD2x

+FI2x)sinθ+ r2
(
FD2z +FI2z +Ff 2 − m2g

)
cosθ =

(
m1r2

1 +m2r2
2

)
θ̈

(29) 

Based on the Runge-Kutta fourth order method and Python software, 
x0, z0, and θ over time can be calculated according to Eqs. (24), (25), and 
(29). In the initial state (t = 0), the research object floats on the water 
surface under the action of gravity and buoyancy, thus x0 = 0, θ = π

2 , 
and z0 = H

2 − (r1 − a1 + 0.0459), the calculation of z0 is shown in the 
Supporting Information note. 

Corresponding results for IPM-TENG in the two-body mode and 
single-body mode are shown in Fig. S1b and Fig. S1c, respectively. For 
the two-body mode, the value of z0 and θ fluctuate over time, and the 
amplitude of θ not exceeding 2π, which is caused by the wave of water, 
x0 gradually increases because the wave travels in the positive direction 
of x-axis. For the single-body mode, the value of z0 fluctuates over time, 
x0 gradually increases, and θ decreases first and then increases, and the 
amplitude far exceeds 2π. The above results manifest that the two-body 
mode IPM-TENG can swing in the wave, and the single-body mode IPM- 
TENG always uniaxially rotates in the wave. In other words, the two- 
body mode IPM-TENG will be a more effective wave energy harvestor. 
To better comprehend how the floating body moves in the IPM-TENG of 
the two modes, Fig. S1d-e and Fig. 2b-e descript the motion trajectory of 
point A within five seconds in the two modes in the x`y`z` coordinate 
system. Here the numbers 1–5 in Fig. 2b and d indicate the period 
number of water wave. Under the same water wave cycle, the two modes 
IPM-TENG have different motion characteristics. It is obvious that the 
motion amplitude of two-body mode IPM-TENG is greater, and this 
device is an excellent candidate for high-sensitivity low-frequency wave 
energy harvesting. 

The motion of wave is periodic, thus the control volume τ is selected 
to study the input energy of the wave (Einput), which is enclosed by the 
wave surface, the seabed, two planes parallel to the xoz plane with a 
distance of single wavelength L, and two planes parallel to the xoy plane 
with a distance of 2a1. The Einput within the control volume is[34]. 

Einput = E1 +E2 =

∫

τ(t)
ρ u2 + v2

2
dτ+

∫

τ(t)
ρgzdτ

= 2a1

∫ L
2

− L
2

∫ η(x,t)

− d
ρ(u

2 + v2

2
+ gz) dz dx (30)  

where E1 and E2 are the kinetic and potential energy of the wave, 
respectively. dτ is the volume element in xyz coordinate system. d is the 
distance between the SWL and the seabed (Fig. S1f). The calculation 
result is shown in Fig. S1g, and the mean of Einput (Einput) is equal to 
105.53734 J. 

The captured energy of IPM-TENG is an important metric. 

Et = Ep +Eh +Ev +Er = (m1 +m2)gz0 +
1
2
(m1 +m2)(ẋ2

0 + ż2
0)+

1
2

Jθ̇
2 (31)  

where Et is the total mechanical energy captured by the device, Ep is the 
potential energy, and the potential of the xoy plane is defined as zero 
value. Eh and Ev are the kinetic energy possessed by IPM-TENG in motion 
along x-axis and along z-axis, respectively. Er is the kinetic energy of the 
device rotating around point C. The captured energy of the two modes 
IPM-TENG are all shown in Fig. 2c and e. The average of Et (Et) in the 
two-body mode device is higher than that in the single-body mode. 
Which demonstrates that the two-body mode IPM-TENG can harvest 
wave energy more efficiently. For the two-body mode IPM-TENG, the 
average potential energy Ep, the average kinetic energy along x-axis Eh, 
the average kinetic energy along z-axis Ev, the average rotational kinetic 
energy Er, and the average total mechanical energy Et are all listed 
below. Ep = − 17.71mJ, Eh = 5.85mJ, Ev = 46.01mJ, Er = 10.49mJ,

and Et = 44.85mJ. The proportion of Ep, Eh, Ev, Er are − 39.03%, 
13.05%, 102.57%, 23.41%, respectively. Here the position of the surface 
with zero potential energy will change the proportion. For the four parts 
of energy, the average kinetic energy along z-axis Ev occupy the largest 
proportion. During the harvesting process for the kinetic energy along z- 
axis, according to the law of conservation of mechanical energy, the 
energy Ev of the nugget will be converted into potential energy and ki
netic energy, and part of the potential energy will be conserved in the 
nugget and lower the energy conversion efficiency. Which will complex 
the process of calculation and experimental verification. 

The conversion efficiency (η1) of wave input energy can be expressed 
as: 

η1 =
Et

Einput
(32) 

The efficiency η1 of the two modes of IPM-TENG are 0.42%, 0.34%, 
respectively. 

When the wave impacts the IPM-TENG in the two-body mode, parts 
of the input energy are transformed to the device, and most parts of 
energy are retained in the water, and it is defined as follows [35]: 

Ew = Einput − Et (33) 

Fig. S1h presents the retained energy of water (Ew) over time. And 
the mean of Ew (Ew) is equal to 105.49249 J. Part of the mechanical 
energy captured by the IPM-TENG is available energy used to trigger the 
internal TENG units to work, and part is stored in the device. The 
available energy (Ea) of the IPM-TENG can be calculated as follows: 

Ea =
1
2
m1ẋ1

2 =
1
2
m1(ẋ0 − r1sinθθ̇)2 (34)  

where ẋ1 is the magnitude of the horizontal velocity of point A, ẋ0 is the 
magnitude of the horizontal velocity of point C, θ̇ is the magnitude of the 
angular velocity of rotation. Here the designed IPM-TENG can only 
harvest part energy of the captured energy of the device, and it is a 
demonstration for validating energy conversion model. 

Fig. 2f displays the Ea of the IPM-TENG in the single-body mode and 
two-body mode with various lengths of connecting rod. The Ea of the 
single-body mode IPM-TENG are lower than the two-body mode IPM- 
TENG, and the average Ea (Ea) of two-body mode IPM-TENG (connect
ing rod is 6 cm) is 2.39 times of the single-body mode IPM-TENG. The 
conversion efficiency (η2) of mechanical energy captured by the IPM- 
TENG is 

η2 =
Ea

Et
(35) 

The conversion efficiency η2 of the single-body mode IPM-TENG and 
the two-body mode IPM-TENG are 6.65%, 12.98%, respectively. 

Subsequently, the influence of wave height and frequency on the 
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average available energy Ea of the two-body mode IPM-TENG were also 
investigated. As shown in Fig. 2g, the Ea of IPM-TENG increases with the 
increase of wave height, which is due to the increase of the total input 
energy. As illustrated in Fig. S1i, the Ea of IPM-TENG increases with the 
increase of wave frequency, however, when the wave frequency is 
higher than 1 Hz, there is a decreasing trend for Ea, because the wave 
period is lower than the motion period of the device. 

It can be seen from the above results that the conversion efficiency η1 
and η2 of IPM-TENG can be changed by the structure and wave pa
rameters, through the interaction of WEC and water wave. 

2.3. Electric output performance and model validation 

In the actual marine environment, the designed IPM-TENG can 
collect both the rotational energy and the horizontal motion energy. 
Here, a seesaw was applied to simulate and analyze the rotational state 
of the IPM-TENG system (Fig. 3a), and its output performance was 
evaluated (Fig. 3b-c and Fig. S2a). The linear motor was used to simulate 
the motion in horizon, and corresponding test results are displayed in 
Fig. 3e-f, and Fig. S2b-c. Fig. 3b presents that the open-circuit voltage 
(VOC), the transferred charges (QSC), short-circuit current (ISC) are all 
increase with the increase of the rotation angle of the seesaw (from 5◦ to 
25◦) in the frequency of 1 Hz. The corresponding VOC, QSC, and ISC in
crease from 123 to 240 V, 0.36–0.87 μC, and 18–42 μA, respectively. 
Because the increase of rotation angle of seesaw will cause the increase 
of separation distance and contact force of TENG units. The measured 
output current and peak power of IPM-TENG with varied external load 
resistance at different rotation angles of the seesaw are presented in 
Fig. S2a and Fig. 3c, respectively. The output current decreases with the 
increase of load resistance, and the peak power first increases and then 
decreases with the increase of load resistance. In addition, the output 
peak power has a maximum value of 12.8 mW at angle = 25◦ with a 
matched resistance of 5 MΩ. 

Fig. 3d describes the IPM-TENG performs linear motion driven by the 

linear motor. The output QSC and ISC of the IPM-TENG with different 
amplitudes from 2 to 10 cm and frequencies from 1 to 2 Hz are illus
trated in Fig. 3e and Fig. S2b, respectively. The two all increase with the 
increase of amplitude and frequency. Further, the output current and 
peak power of the device for varied amplitudes with different external 
load resistances at a fixed frequency of 1 Hz are shown in Fig. S2c and 
Fig. 3f. Where the peak power of 20.1 mW is obtained at 5 MΩ. Thus, the 
IPM-TENG is a candidate for efficient wave energy collection. 

To validate the proposed model, a standard water tank consisting of a 
wave generating mechanism and a rebound wave absorber was used to 
generate standard water waves, which will contribute to the quantita
tive characterization of the IPM-TENG performance. The wave param
eters include wave frequency and wave height can be controlled and 
adjusted by the standard water tank. The output charge of the two 
modes IPM-TENG are shown in Fig. 4a, the IPM-TENG in two-body mode 
can generate more charge compared with the single-body mode, and the 
average output charge of the former is 2.8 times of the latter device. 
Fig. 4b and Video S1 demonstrate that, under the same water wave 
condition, the two-body mode IPM-TENG can generate a larger ampli
tude of reciprocating motion and drive the same number of light- 
emitting diodes (96 LEDs) brighter than the single-body mode. In the 
meantime, 100 green LEDs can be directly driven by the two-body mode 
IPM-TENG at the wave height of 10 cm and wave frequency of 1 Hz 
(Fig. 4c). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107362. 

Fig. 4d-f investigated the output of IPM-TENG in two-body mode 
with different lengths of connecting rod and different weights of assist 
body, both will influence the position of COM of the device, and the 
corresponding schematic diagram is shown in Fig. 4e. To systematically 
explore the effect of the two factors, the frequency of the waves was 
fixed at 1 Hz and the wave height was fixed at 10 cm. The transferred 
charge and the average value of the transferred charge of the IPM-TENG 
at different lengths are depicted in Fig. 4d. As the length of the 

Fig. 3. Output performance of IPM-TENG by electric motor. (a) Schematic scene of IPM-TENG rotation. (b) Output performance and (c) output peak power-resistance 
relationship of IPM-TENG at different rotation angles at fixed frequency of 1 Hz. (d) Schematic scene of IPM-TENG translation. (e) Short-circuit charge (QSC) of IPM- 
TENG at various frequencies and amplitudes of linear motor. (f) Output peak power-resistance relationship of IPM-TENG under different amplitudes (1 Hz). 
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connecting rod increases from 2 to 8 cm (assist body weight = 72 g), the 
transferred charge first increases and then decreases, which is consistent 
with the calculation results of energy conversion mode. When the con
necting rod length is equal to 6 cm, the maximum transferred charge of 
the device is 0.6 μC, and the average value of the transferred charge is 
0.3 μC. Fig. 4f illustrated that the output electrical performance gradu
ally decreases with the increase of the assist body weight (from 72 to 
96 g). Because the increase of the weight of the assist body causes the 
COM to move towards the assist body, the captured mechanical energy 
by the floating ball is reduced. 

The electrical output performance of the two-body mode IPM-TENG 
system under the water wave conditions with different wave frequencies 
(0.5–1.25 Hz) and heights (2–13 cm) was characterized. The output 
performance of the IPM-TENG were measured at various wave fre
quencies, as demonstrated in Fig. 4g. The assist body weight was chosen 
as 72 g, and the wave height was fixed at 10 cm. With the increase of 
wave frequency, the output performance of IPM-TENG first increases 
and then decreases, and reaches the maximum value at 1 Hz, which is 
because the wave period is not enough for the nugget to fully compact 
the TENG units, when the wave frequency exceeds 1 Hz. The average ISC 
and average VOC increase with the increase of wave height, approxi
mately exhibiting a linear relationship from H = 2 cm to H = 10 cm, and 
reaching saturated after 10 cm (Fig. 4h), which is attributed to the 

amplitude of the equipment gets its limit when the wave height sur
passes 10 cm. The output performance of the device tested under 
different structure parameters and actual wave environment is consis
tent with the variation tendency of the convertible energy of the floating 
body calculated by the energy conversion model, which proves the 
validity of the model. 

Furthermore, an excellent environmental adaptability is also verified 
for IPM-TENG by measuring output charge in different solutions, 
including H2O, and HCl, H2SO4, NaOH, NaCl at 3.5 wt% (Fig. S3). Due to 
the characteristics of the IPM-TENG, the multilayer TENG units main
tain 5 mm air gap with the encapsulated spherical shell, so the charges 
from the ionicity of the solution have little influence on the IPM-TENG. 

The dependence of average power on load resistance is shown in 
Fig. 4i. The IPM-TENG achieves an average power of 0.845 mW at 5 MΩ 
external load, in a water wave with frequency of 1 Hz and height of 
10 cm. 

The conversion efficiency (η3) of the available energy collected from 
the float to the output electrical energy of IPM-TENG is 

η3 =
PT
Ea

=

∫
I2R dt

T T
Ea

= 14.5 % (36)  

where P is the average power, R is the external load resistance. The 

Fig. 4. Output performance of IPM-TENG in the water wave. (a) QSC of IPM-TENG in the two modes. (b) Comparison of the moving distance and powering LEDs in 
the two modes. (c) Picture of the IPM-TENG to power serial LEDs in “wave”. (d) QSC of IPM-TENG in the two-body mode with different lengths of connecting rod. (e) 
Sketches showing the connecting rods with different lengths and assist bodies with different weights in the IPM-TENG. (f) Output performance of IPM-TENG in the 
two-body mode with different weights of assist body. Output performance of the IPM-TENG with (g) different frequencies and (h) different heights of wave. (i) 
Output average power under various external loads. 
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conversion efficiency of η1, η2, η3 of two-body mode IPM-TENG have 
reached 0.42%, 12.98% and 14.5%, respectively. The total wave energy 
transmission efficiency is calculated as 

η4 = η1η2η3 (37) 

Thus improving the efficiency of each conversion process (η1, η2, η3) 
is the only way to improve the wave energy conversion efficiency. 

2.4. Practical application 

Traditionally, plenty of pesticides are applied by spraying to control 
pathogens and weeds, etc., but more than 90% of them are lost into the 
environment during the application, which not only affects the envi
ronment and application costs, but also makes the applicator exposure to 
chemicals that affect health [36–41]. Here an IPM-TENG based 
controllable pesticide release system (ICPRS) is proposed to build 
self-powered smart agriculture, which can not only diminish the appli
cators’ pesticide exposure, but also slowly release pesticides to desig
nated locations without external energy supply. It is expected to 
promote the development of “precision agriculture” and optimize the 
use of natural resources. 

The working principle and photograph of the ICPRS based on the 
designed IPM-TENG are displayed in Fig. 5a and Fig. 5b, respectively. 
The inserts of Fig. 5b show the pictures of the glyphosate-loaded carrier, 
and the diameter of the carrier is about 2.8 mm. The detailed fabrication 
process of the glyphosate-loaded carrier is exhibited in the experimental 
section. The two carbon paper electrodes with a distance of 16 cm at 
both ends of the ICPRS and the internal material form a parallel-plate 
capacitor with a capacitance of 35.38 pF (Fig. S4a). The AC output of 
IPM-TENG is connected to the electrodes of the ICPRS. The pulsed AC 
signal can trigger the electrostatic field between the electrodes. The 
glyphosate is a weak acid mixture, which can ionize in water to form 
hydronium ion and the conjugate base of the acid. Under the action of 
the electrostatic force, the conjugate base of the acid moves toward the 
electrode in the right to kill the weeds. The release behavior of 0.08 g 
glyphosate powder and glyphosate-loaded carrier containing 0.08 g 

glyphosate in 300 mL of deionized water were investigated, and samples 
were placed within 4 cm of the left electrode. Concentrations of glyph
osate at different distances from the left electrode (8, 12, 16 cm) were 
tested under different conditions including without external current 
powering, powered by direct current (DC), powered by AC for 12 h. As 
Fig. S4b and Fig. 5c show, when there is no current on the two elec
trodes, the glyphosate concentration decreases as the distance increases, 
which is due to the natural diffusion of glyphosate in water [42]. Under 
DC and AC, the glyphosate concentration all shows the trend of increases 
with the increase of distance. While the concentration powered by AC is 
higher than powered by DC, the result demonstrates the release effi
ciency of the system with AC is higher, because the ion can move more 
vigorously under AC [43,44]. The glyphosate concentrations with 
glyphosate-loaded carrier were lower than that with glyphosate powder 
at the same distance. These results imply that the ICPRS can slow release 
the glyphosate to the designated location preventing the rapid loss to the 
environment. In addition, pot experiments were applied to compare the 
effects of ICPRS on weeds (Fig. 5d). Fig. 5d investigated the status of 
weeds before and after 7 days, the results show that the changes of weed 
vigor were most pronounced in ICPRS powered by AC for 12 h compared 
to the weed without power supply. Therefore, ICPRS can effectively 
control the on-demand release of pesticides and is expected to promote 
the development of a self-powered smart agricultural system. 

3. Conclusion 

In this work, a two-body mode IPM-TENG has been proposed to 
harvest water wave energy. Starting from the theory of hydromechanics, 
an energy conversion model was proposed to investigate the hydrody
namic performance and energy conversion mechanism in the process of 
interaction between liquid fluid and solid. According to the model, 
various structural parameters and wave conditions were studied in- 
depth theoretically and experimentally, and the results of the two 
were consistent. The mechanical energy capture efficiency of IPM- 
TENG, the ratio of the available energy of IPM-TENG to the captured 
mechanical energy, and the conversion efficiency of the available energy 

Fig. 5. Controlled release of herbicides in TENG electric field. (a) 3D schematic and (b) photo of the experimental setup and protocol. (c) The concentration dis
tribution of herbicide in different positions on condition of without current, with AC, and with DC. (d) The pictures of weeds before and 7 days after reaction under 
different conditions. 
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into electrical energy were 0.42%, 12.98%, and 14.5%, respectively. To 
boost the total conversion efficiency of wave energy into electrical en
ergy, it is necessary to improve the three conversion efficiencies 
mentioned above. The constructed energy conversion model pointed out 
the direction of the design, optimization, and improvement of wave 
energy harvesting efficiency of future W-TENG. In addition, the con
structed IPM-TENG based controllable pesticide release system can 
promote the development of “precision agriculture”. 

4. Experiment section 

4.1. Materials 

Herein, glyphosate powder, calcium chloride (CaCl2), sodium algi
nate were bought from Aladdin. Attapulgite powder (particle size: 200 
mesh) was purchased from Mingmei Co., Ltd. (Anhui, China). 

4.2. Fabrication of IPM-TENG 

Fold the paper into a zigzag shape with 6 small parts and cut it into a 
semicircle with a radius of 4 cm. Stick polytetrafluoroethylene film 
(thickness: 0.03 mm) and aluminum film (thickness: 0.03 mm) on one 
side of the paper and stick the other side together with Kapton tape to 
form a contact-separated mode multilayer TENG with three pairs of 
basic units. The edges of the multilayer TENG were connected by cords. 
Divide the acrylic spherical shell (diameter:10 cm) into two identical 
spaces by an acrylic sheet with foam (thickness: 1 mm) on both sides. 
One side of the multilayer TENG was fixed on the foam of acrylic sheet. 
On the other side of a multi-layer TENG basic unit, there existed semi
circular acrylic sheet (radius: 4 cm) pasted with foam (thickness 1 mm) 
and nugget (weight: 17 g) to increase the contacting efficiency of the 
TENG. So far, the floating body including four TENG basic units and an 
acrylic spherical shell was completed. Connect the floating ball to the 
acrylic connecting rob (diameter: 3 mm, length: 6 cm) and assist body 
(diameter: 4 cm, weight: 72 g) with waterproof glue to assemble a two- 
body mode IPM-TENG. Directly connect the floating ball and the assist 
ball with waterproof glue, thus a single-body mode generator was 
completed. 

4.3. Preparation of glyphosate-loaded carrier 

Disperse attapulgite powder (particle size: 200 mesh, weight: 0.8 g) 
and glyphosate powder (weight: 0.08 g) in 16 mL deionized water, and 
then stir (500 rpm) the resulting system for 30 min with magnetic stir
rer. Sodium alginate (weight: 0.2 g) was added into the mixed solution, 
and then the mixture was stirred (500 rpm) for 30 min to form a ho
mogeneous suspension. A syringe (needle diameter: 1 mm) was used to 
dropwise inject the homogeneous suspension into 40 mL CaCl2 solution 
(mass-volume percent: 0.5%), and the glyphosate-loaded carrier spheres 
with the diameter of 1–2 mm were obtained. Finally, wash the formed 
carrier spheres 5 times with deionized water. 

4.4. Electric measurements of the TENG device 

All devices were triggered by a seesaw, linear motor, or regular water 
wave generated by the wave tank. The open-circuit voltage, short-circuit 
current, the short-circuit charge were measured by the electrometer 
(Keithley 6514.). 
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