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Summary

Energy is a global demand nowadays. Researchers and Scientists are trying
every day to find new resources to generate energy. Mechanical energy is con-
sidered one of the most essential energy resources in the world. It can be easily
generated and transferred into electrical energy. There are a lot of new tech-
nologies that are working to develop small and portable energy harvesters for
electronic devices such as piezoelectric and triboelectric nanogenerators
(TENGs). However, TENGs are more favorable to piezoelectric nanogenerators
due to the availability of nontoxic materials. Moreover, they are cheap and
exhibit high performance. This article investigates one of the TENG devices,
Zigzag structure. It presents an analytical derivation for the model that
addresses all aspects of the TENG such as the output voltage, the output cur-
rent, the capacitance, the resistive load, the capacitive load and the harvested
power step by step. The analytical derivation is also verified using COMSOL
simulations to validate the results. The mismatch between the analytical deri-
vation and COMSOL is 0.022% in the open circuit voltage and 0.33% in short
circuit charge. Electrical behavior is presented afterwards using Verilog-A in
Cadence to examine the performance of the TENG devices in real life situa-
tions. For the chosen parameters, the device delivers a maximum voltage of
23 KV at nearly 90° and a maximum current of 7.5 pA at nearly 10°. The maxi-

mum reported output power for a load of 5 GQ is 5.2 mW.
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Energy is the wheel of the modern technology and the
support for its sustainability. Due to the unprecedented
energy demand, scientists and researchers are continually
looking for new resources to fill the gap of the insuffi-
ciency in the energy supplements.' Failing to submit the
appropriate solutions means that the next generations
will suffer from the energy insufficiency the world wit-
nesses today. Electrical energy can be harvested from

mechanical energy, chemical energy or nuclear energy.
Each one of the energy sources has itsadvantages and dis-
advantages that make them suitable for certain situa-
tions. However, the most popular and common source is
the mechanical energy since it is ubiquitous and can be
easily harvested.

Mechanical Energy is considered as the most ambient
source of energy in life. Waves, friction, wind and
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oscillations are all examples of potential mechanical
energy sources.” Mechanical energy is usually a renew-
able energy source with clean energy production and a
continuous supply. However, due to the wide popularity
of portable devices nowadays, new forms of mechanical
energy have come into existence such as biomechanical
energy sources.” Simply, it is the energy harvested from
humans’ motion such as walking, exercising and even
heartbeats. It can be a direct supply for portable devices
such as phones, watches and laptops.

On the other hand, a lot of limitations hinder the
development of such a new technology. First of All, some
of the new energy harvesters are not considered safe
devices due to toxic or unstable materials included in the
production processes. For instance, many piezoelectric
materials are not favorable for wearable technology
because of the toxic lead content.* Secondly, it is not a
reliable technology since the energy gained is not enough
to operate the devices or to continuously supply them.’
The last important thing is that the technology encoun-
ters a lot of technological challenges on the level of the
theoretical study, modeling design, fabrication and test-
ing since it is a very emerging one.’

In the literature, it is encouraging to introduce two
recent technologies that are investigated as energy har-
vesters; the piezoelectric energy harvesters and the tri-
boelectric nanogenerators (TENGs). Piezoelectric energy
harvesters have the ability to generate electric charge in
response to mechanical stress. On the other hand,
TENGS rely on the triboelectric effect which depends on
the property of some materials to be electrically charged
after they are in contact then separated from a different
material. TENGs have the upper hand on the piezoelec-
tric energy harvesters due to the high output power,
high efficiency, low cost and the feasible fabrication
techniques.”

As a result, TENGs have proved their competence
from the power, efficiency and cost perspectives.® They
are integrated in wearable technology,® biomedical appli-
cations and even in self-powered wireless sensors.’
Researchers also claim that TENGs are the key towards
the blue energy dream in the future.'® TENGs have four
fundamental modes: vertical contact-separation (CS)
mode, lateral-sliding (LS) mode, single-electrode
(SE) mode and freestanding triboelectric-layer (FT)
mode. Each one of these basic modes leads to different
transformed structures such as spherical, diagonal and
zigzag structures. Most of the research conducted on
these modes is experimental. This hinders the optimiza-
tion and development of these kinds of energy harvesters.
The research target is first to fully define each type with a
theoretical compact form that describes the three

important factors in TENG devices; the open circuit volt-
age (Voc) and the short circuit charge (Qsc) along with
the distance (V-Q-x) relationship. The other important
thing is to do modeling on the structure to save the fabri-
cation process time and cost. However, the model should
be first verified with the analytical equations to make
sure that they both agree, then variations on every
parameter can be conducted to test the performance. Zig-
zag structure has recently attracted researchers since it
has a wide applications’ range, good performance and rel-
atively light weight. However, only experimental studies
are performed on this structure in very slow improve-
ments in the performance.11 Therefore, more research is
necessary to target analytical and device modeling for the
Zigzag in order to accelerate the optimization and
enhancement for this type of energy harvesters.

In this paper, the structure of the zigzag triboelectric
nanogenerator device is presented. The analytical deriva-
tion of the zigzagis derived step by step in Section 1.1.
Section 1.2 is dedicated to COMSOL simulations that ver-
ify the analytical model. The Verilog-A model has been
presented in Section 1.3 to test the electrical characteris-
tics of the device under different resistive and capacitive
loads. In Section 1.4, the frequency of operation response
is demonstrated. In Sections 1.5 and 1.6, the performance
is investigated for different number of pairs and area vari-
ations. The conclusion summarizes the results and gives
recommendations on the possible future work on the
device.

1 | ZIGZAG TENG MODEL

The zigzag structure consists of two parts in which each
part is divided into a dielectric and a metal layer. These
two parts are connected end to end to make a series of
triboelectric generators. In one design, N number of parts
can be integrated to have better performance. It mainly
depends on the application where this generator is
implemented. The initial position is where 8 = 0° and the
two dielectrics of each partare in contact. These dielec-
trics are different and have different tendency to gain or
lose charges. Therefore, triboelectric charging occurs
upon a separation between these two dielectrics. It is con-
venient to assume that a 4o of charges is on the first
dielectric and a —¢ is on the second one.'? Upon separa-
tion and while increasing the angle between the plates,
there is a charge migration from one dielectric to the
other and a Vpc(0) can measured between them. If an
external circuit is added, it is more likely to define the
electrical system by the fundamental equation of tribo-
electric nanogenerators'*:
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V(0) = —[Q|/Ci(6) + Voc(6) (1)

where C/(#) is the total capacitance of the device, |Q| is
the charge transferred between the two plates, V() is the
voltage measure at any theta at a certain load.

It treats the two plates as a capacitor and given that
there are charges transferred between the two plates at a
given angle, the voltage between the plates can be
derived. Based on electrodynamics, both V(6) and C,(6)
can be derived in order to achieve a closed form (V-Q-6)
relation.

1.1 | Analytical model

In this subsection, a detailed analytical derivation is
introduced, which helps in understanding the behavior
of such a mode and serves as a seed for implementing the
device using circuit models.

1.1.1 | Electric Field between the two

plates

The electric field between the two plates should be identi-
fied in order to use it to calculate the voltage between the
plates. From electromagnetics, one can easily show for an
infinite sheet of charges that the electric field is perpen-
dicular to the surface and it is given by'*:

E=—n (2)

In Zigzag case, two electric fields each one from a
plate are shown in Figure 1. The summation of them is
the total electric field between the plates.

= o — o
Ei=—m+—n 3
! 260 ! 2€0 2 ( )

A component analysis for the electric field vectors
cancels out the field components in the horizontal direc-
tion since they do not cross any plates. Therefore, only
components in the vertical direction are taken into
account.

where
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n:

FIGURE 1 The electric field direction between the two plates
[Colour figure can be viewed at wileyonlinelibrary.com]

a|=|m+m|=/ (7 +m) (5)
‘a” = /21/2c082(0)2) = 2 cos(6/2) (6)
E, = gcos(e/z) (7)

1.1.2 | Vyc(0) derivation

Each of the two plates has an area of wL. This area can
be represented as a vector at the center of each plate and
perpendicular to that surface. While in the electric field
analysis the vertical direction is only considered, it is con-
venient here to do the same component analysis for the
area and consider only the horizontal area (vertical area
vector direction). As a result, the design can be represen-
ted instead by two parallel plates as shown in Figure 2,
each with area equals: A cos(6/2) and a separation dis-
tance of:

=2 %sin(0/2) — Lsin(6/2) (8)

Since V. is defined as the voltage when no trans-
ferred charges are present (Q = 0) If V,;; equals:

Vair = Eair - dair (9)
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(A)

Acos (0/2)
I

FIGURE 2 Zigzag TENG structure:
(A) Equivalent zigzag and parallel plates
representation (B) Device structure of
doir the TENG model with the used
materials in simulation [Colour figure
can be viewed at

A cos (0/2)

wileyonlinelibrary.com]

Bl Cu Electrodes

And the electric field between the two plates can be
written as:
-Q/A
Eur = — A% 050/2) (10)
€0

—Q/A+

Vi = %cos(0/2)-Lsin(6/2)  (11)
€0

Immediately from the equations, one can show that:

L
Voc(e) = ;—6081110 (12)

1.1.3 | Cy(6) Derivation

To represent this structure, there are three different
equivalent capacitors, one for the upper dielectric region,
one for the lower dielectric region and one for the air
region. Let us start with the last one:

“* Cair (9) — GOAIZ)r.izontal (13)
air

where C,,(0) is the capacitance seen between the two
dielectrics as a function of theta:

_eowLcos(0/2)

- Cair(0) = Lsin(0/2) (14)

It can be written also as:

W PTFE

€oW

Cair(g) = W

(15)

The capacitance seen in the two dielectrics are C,(0)
and C,(0) and their formulas can be shown in the follow-
ing two equations:

C1(60) = eoerleC;:los(Q/z) (16)
C(0) = %0205(0/2) (17)

where d; and d, are the dielectric thicknesses. ¢,; and €,,
are the dielectric constants.

The device can be described as three capacitors con-
nected in series with capacitances equal to Cy;(6), C1(0)
and C,(0). The total capacitance of the Zigzag TENG
device is given by:

1 1 1 s
TG0 T T w0 (18)
i _ d()l + d02 + tan(0/2) (19)

C: eowLcos(6/2) eow

where: dy; = g—ll and dy, = 3—22
T T

“Co= eowL cos(6/2)

= 20
d01 +dy+L Sin(9/2) ( )
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1.1.4 | Qsc(0) derivation

The short circuit condition requires that V' = 0; Substitut-
ing with this condition in the TENG general equation
gives:

Qsc=Voc-C; (21)
oL . €owLcos(0/2)
= —sin@- 22
QSC 26‘0 s d01 + d()2 + LSIH(Q/Z) ( )
owL?sind cos(0/2) (23)

Q5 = 3oy +dos + Lsin(0/2)]

by substituting with Qsc and V¢ in TENG general
equation one can show that:

-[Q| oL .
eowLcos(6/2) + 2—60811’19 (24)
doy +doz + LSil’l((?‘/z)

V(0)=

_ ZQlfdn +doo + Lsin(0/2)) | oL gy (s

Vo) eowL cos(6/2) 2¢

However, in most cases, Qgc term is not useful sin-
ceonly the current can be measured. Consequently, it is
more appropriate to derive a formula for Isc:

dQsc
dt

e _oWL? d[A) _ ., dA-B-A-dB -
SSCET 4\ B T B?

lgc = (26)

where A = sind cos(6/2)
B=z+Lsin(0/2)

d  d
Z=dp+dp=—+—
€1 €r2

SIge= (TWL2 goxN

[cos® - cos(§) —1-sind1 -sin(9)] - [z + Lsin ()] — 1L sindcos? (9)

2[Z+Lsin(g)]2
andw = %

dt
(28)

As one can notice, the current is a function of speed
of motion of the plates, the faster the plates, the more
current is generated.
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1.2 | COMSOL simulations
COMSOL-MULTY-PHYSICS 5.3 is used as a finite element
method tool to simulate the design. All used design param-
eters are listed in Table I, the parameters selection for the
device is mainly dependent on the target application. The
surface charge density is based on materials’ experimental
data presented in Reference 15 to have high output voltage.
The structure is surrounded by air to model the real-
lifesituations. Moreover, the maximum angle is chosen
from the literature for practical purposes.'® The results of
the simulations are shown in Figure 3(a) and (b) with cal-
culated average errors between the analytical derivations
and the simulations for V(6) and Qgc(0).

1.3 | Zigzag Verilog-A model
A TENG structure is modeled by a lumped parameter
equivalent circuit model as an ideal arbitrarily time-
varying voltage source Vc(6(f)) serially connected to a
capacitor C((t)) as shown in Figure 4."”

1.3.1 | Resistive load

Considering the case of a pure resistive load, the (V-Q-6)
relationship can be expressed as follows:

- 1Q] oL . dQ(o)
et g SMOERTG, (29)
dop + do +Lsin(0/2)

V(9)=

where R is the equivalent resistance as seen at the
TENGTerminals. The power is expressed as:

P=V(0)-1(0)=V?*9)/R (30)
From where the maximum power is:

Prax = Vimax - Imax (31)

TABLE I Parameter set used in COMSOL simulation
Parameter Value
Plate length L 4 cm
Plate width w 4 cm
Thickness of the dielectrics d;, d, 125 pm
Relative dielectric constants €,, €,5 21,4
Surface charge density ¢ 10 pC/m?



REFAEI ET AL.

= | WiLEY- [ oaae

FIGURE 3 COMSOL

(A)
25 T T T T T T
w— Analytical
® comsoL
20 F
=15
g Error = 0.022%
Q
=]
>

simulation results along with
the analytical derivation:

(a) Open circuit voltage vs angle
(b) short circuit charges vs angle
- [Colour figure can be viewed at
wileyonlinelibrary.com]

20 40 60 80
0 (Degrees)

100 120 140

Error =0.33%

w— Analytical
® COMSOL

20 40 60 80
0 (Degrees)

Therefore, various circuit simulation tools
(i.e., Cadence Virtuoso) can be used to study the behavior
of device under different load resistance.

A study for the voltage under different load Resis-
tance is present in Figure 5. In the case of open circuit
condition (R = ), the output voltage increases rapidly
and has a maximum value ~ 23 KV exactly as expected
by the analytical equations and COMSOL simulations,
when the load decreases, the maximum voltage decreases
until it becomes zero. For relatively high loads, the

100 120 140

maximum voltage occurs at ~ 90°. This can be expected
easily from the equations (V o« R). When no load present
between the two terminals, the voltage is zero as expected
which is the case of short circuit condition.

The transferred charges between the two plates
also are graphed in Figure 6. At the short circuit con-
dition (R = 0), the charge graph is identical to the ana-
lytical and the simulation. It is expected that the
current would be constant at most of the range since
the charges exhibit linear behavior. Otherwise, the
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FIGURE 4 Schematic
representation of the Zigzag equivalence
circuit with an arbitrary load'” [Colour
figure can be viewed at
wileyonlinelibrary.com]

FIGURE 5 Output voltage
versus the angle of motion for
different load resistance [Colour
figure can be viewed at
wileyonlinelibrary.com]
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current would be varying with the angle and an exter-
nal platform needs to be integrated to have a DC

behavior.
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Figure 7, at the short circuit condition (R = 0), the
current has a maximum value nearly at I = 7.5 pA. How-
ever, once a load is applied to the device, the current
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16 T T T T T T FIGURE 6 The transferred
R=0 charge between the plates vs the

——R=1GQ . .

14 F —R=10G0 |1 angle of rotation under different
—R =100 GO resistive loads [Colour figure
—R=1TQ can be viewed at

12 —_—R =00 . .

wileyonlinelibrary.com]
10 |-
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8 T T T T T T FIGURE 7 Output current
R=0 versus the angle of motion for
— R = ¥
7F _2 _ 1 oGé' 5 | different load resistance [Colour
—R =100 GO figure can be viewed at
6 - —R=1TQ wileyonlinelibrary.com]
—R =00
SF 4
<
2 4} ]
=
E
5 37 7
(3]
27 4
1 | —
: ———
_1 1 1 1 1 1 1
0 20 40 60 80 100 120 140

0 (Degree)

degrades while increasing the load resistance until it
reaches zero. The maximum current while a load is con-
nected occurs at (0 = 10°) with a load resistance of 1 GQ;
Therefore, it is preferable for systems that need a start
with a high peak current to adjust the load to be at this
range.

The maximum current and voltage under different
load resistance are indicated in Figure 8. It shows that

the optimal performance point is at ~ 5 x 10° Q that
corresponds to a maximum voltage of ® 4 KV and a
maximum current of = 1.3 pA. This gives power
of 5.2 mW.

Figure 9 shows the maximum power retrieved from
the zigzag device over the load resistance. It is rec-
ommended to keep the resistance around 5 x 10° Q to
get a maximum power of ~ 5.2 mW.
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. Current
voltage and maximum current Vi
oltage
versus the load Resistance 8
showing the best optimal load 120
point [Colour figure can be r
viewed at - —
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power over the load resistance
[Colour figure can be viewed at
wileyonlinelibrary.com] 5[ .
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1.3.2 | Capacitive load V(0)=—|Q|/C:(6) + Voc(d) =, (32)
The energy harvesters are usually connected to energy 5Qc=CLV(0) (33)

storage elements such as capacitors. Capacitors are stabi-
lizing the output of the energy harvesters since minor
changes in the surrounding may lead to unstable out-
put.'® The same analysis is performed on a load capaci-
tance. Given that the TENG fundamental equation is:

where Qc is the charge on the capacitor.

According to," the capacitive load equations are
derived using the initial conditions at t = 0, the zigzag
plates are in contact initially and the angle is zero.
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wileyonlinelibrary.com] 25 7
_20F .
I
o
o
[e] | J
n 15
>
o
@
o
w
10 1
5F 4
0 1 1 1 1 1 A |
107° 10714 1073 1072 107" 10710 109 108 107
Capacitance (F)
Using a very valid approximation where: The same analysis is done for capacitive load instead
of resistive one. In Figure 10, for relatively large capaci-
L>z tive load, the voltage is = zero. However, for small loads,
unlike the resistive load, it is noticed that the voltage
The stored energy is expressed as: rises while increasing the angle until nearly 90° then
drops. It is worth to mention that V = 23 KV for no load
E o*w?L?sin*() (40) capacitance and V ~ 18 KV for Cy, = 100 fF.
c =

8C: [tan(?) + 2]

The current exhibits opposite behavior under the
same load as expected as in Figure 11. There is no current
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:; 12 :z load resistance for different
10 | | =—f = 20 Hz 4 frequencies [Colour figure can
be viewed at
wileyonlinelibrary.com]
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[Colour figure can be viewed at
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for ~ zero load capacitance. The current has a maximum
value very early at ~ 3° for a very high capacitance. This
maximum point shifts to higher degrees while lowering
the capacitance value and correspondingly the current
decrease.

Although these two curves have illustrated some
aspects of the Zigzag behavior under different loads, they
do not give an insight for the range of the capacitance at
which the maximum current and the maximum voltage
can be determined. Therefore, a plot of the maximum
voltage and the maximum current is obtained to

determine the best load. Figure 12 shows that for a load
capacitance of ~ 8 x 10™'* F, an optimal performance is
present for the maximum voltage and maximum current
at the same time. The reported values are ~ 2 KV and
~ 1.8 pA for the voltage and the current respectively. This
gives power of 3.6 mW.

A study for the Energy Storedfor the zigzag device
under the load capacitance is important since some appli-
cations depend on the maximum energy stored in the sys-
tem. Figure 13, at nearly 10™'* F, there is a peak for the
energy stored with =~ 28 pJ. As a result, the load must be
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FIGURE 16 The O s At s
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load resistance for different —6 pairs
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can be viewed at
wileyonlinelibrary.com]
40 .
2
£
§ 30 1
o
o
20 1
10 1
0 d d AL A A
10% 10° 108 1010 10'2 10 108
Resistance ((2)
FIGURE 17 Output 20 T T T T T T 2
voltage and output current w=4 cm L=4 cm
. = w=5 cm L=5 cm
versus the angle of motion for 15 | w=8 em L=6 cm| 115
different physical dimensions w=6 cm L=8 cm
[Colour figure can be viewed at 10+
wileyonlinelibrary.com]
5 -

Voltage (KV)
o

Current (1:A)

10
A5
20 A1 A1 A A 1 1 2
0 20 40 60 80 100 120 140
0 (Degree)

around this value according to the
transfer theory proven in (40).

maximum power

1.4 | Performance under different
frequency conditions

It is important to study the frequency response of the
device to determine the best angular velocity of motion
for this device. Moreover, the range of the resistive load
that can be applied is identified from the power curve. In
Figure 14, at a resistive load of ~ 10'°Q, optimal power

performance is obtained for 5, 10, 15 and 20 Hz frequen-
cies with 3, 5, 8.5 and 11.5 mW optimal power respec-
tively. A right shift is observed in the power curve while
the frequency decreases. This is suitable for low power
high impedance applications.

1.5 | Performance under different
number of pairs

Since Zigzag device is usually used in a series connec-
tion, it is crucial to investigate the voltage, current and
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power of the device under different number of pairs.
Figure 15 shows the behavior of the Zigzag for two, six
and ten pairs for a load resistance of 10 GQ. As the num-
ber of pairs is increased, the voltage and the current are
increasing also.

Figure 16 shows the power of the Zigzag device under
different load resistance. The peak shifts to the right
while increasing the number of pairs. The optimal power
values are 12, 35 and 58 mW corresponding to 20,
90 and 200 GQ.

1.6 | Performance under area variations
This section is dedicated to study the output characteris-
tics while changing the physical dimensions of the
device. The device is assumed to be a rectangle pair. For
a resistive load of 10 GQ, a comparison is demonstrated
against the used physical parameters above. Figure 17
shows the voltage and current outputs under different
dimensions of the Zigzag. While increasing the area, they
exhibit higher magnitude value. However, for the last
two curves with the same area of 48 cm?, (29) explains
that the voltage is a strong function of the length of the
Zigzag but not the Width. Therefore, increasing the
device length is much more important than increasing
the width.

To obtain the best matching resistive load, the out-
put power is shown vs the load in Figure 18. To draw

T T FIGURE 18 The
maximum power vs the load
resistance for different physical
dimension [Colour figure can be
viewed at

- wileyonlinelibrary.com]

102 104 10'®

all of the available power, the load should be

around 5 GQ.

2 | CONCLUSION
This paper presents an insight study for the zigzag tribo-
electric nanogenerator device. Analytical derivation has
been derived for zigzag using the main characteristics of
the device. Examining the analytical results, a well-
established verified model is demonstrated using COM-
SOL simulation to verify them. The open circuit voltage,
Voc and short circuit charge, Qsc are verified from the
results of COMSOL simulation. The variation of open cir-
cuit voltage indicates a rise with increasing the angle
between the tribo-pairs until it reaches a maximum value
at ~ 90°, then decreases again with increasing the angle.
Clearly, the short circuit charge indicates a decrease with
increasing the angle between the tribo-pairs. Voc and
Qsc exhibit an average error of 0.02% and 0.33% respec-
tively, between the analytical model and FEM results.
The accuracy of the proposed analytical model has
been motivating for developing a Verilog-A model to
examine the characteristics of the TENG device under
different load conditions. A case of simple circuit with
resistive load is examined. The impact of the angle
between the two tribo-pairs on the I and V is depicted at
different resistive loads. A peak power of 5.2 mW is
observed at R = 10'° Q.
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A case of simple capacitive load has been also inves-
tigated. I and V vs the angle have been examined under
different capacitive loads. A peak in the energy stored in
the capacitor is observed at 10™'* F for 28 pJ. The maxi-
mum power has been observed for different frequencies.
The higher the frequency of operation, the higher the
power obtained. The performance of the device has been
investigated for different number of pairs and area vari-
ations. Increasing the number of pairs raises the output
power significantly. The optimal power values are 12,
35 and 58 mW corresponding to 20, 90 and 200 GQ.
Moreover, the area variations study shows that increas-
ing the device length is more important than the width.
The output power graph shows the performance for dif-
ferent combination of physical dimensions. TENGs are
not only able to charge energy storage devices, but also
can drive electronic devices directly without a rectifier
unit.”® Future work on this model is to obtain DC char-
acteristics of the output V and I. Zigzag model still also
needs efficiency, figure of merits and different material
investigations for quantifying the performance of the
device.

NOMENCLATURE LIST

Parameter Definition SI Units

L Plate length m

w Plate width m

dy, d, Thickness of the dielectrics m

€1, €2 Relative dielectric constants -

o Surface charge density C/m?

E The electric field between V/m

the two plates

€0 The permittivity of the free ~ F/m
space

Q The transferred charge C
between the two plates

A Area of the plate m?

C Capacitance F

R Resistance Ohm

p Output power Watt

E. The stored energy Joule
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