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ABSTRACT

The triboelectric nanogenerator (TENG) has attracted enormous amount of attention in the research
community in recent years because of its simple design, high energy conversion efficiency, broad ap-
plication areas, a wide materials spectrum, and low-temperature easy fabrication. A key factor that
dictates the performance of the TENGs is the surface charge density, which can be taken as a standard to
characterize the matrix of performance of a material for a TENG. The triboelectric charge density can be
improved by increasing the effective contact area, and in order to increase the contact area in a limited
device size, micro-/nano-structures are often designed at the contact surfaces. Expert knowledge in
contact mechanics, especially in adhesion and detachment mechanisms of the micro-/nano-structured
interface, is thus becoming essential for a better understanding of the impact of interfacial design on the
power generation of TENGs. Such an emerging field provides a platform for electrical engineers, chemical
engineers, and mechanicians to share knowledge and build collaborations, which will enable the TENG
researchers to pursue new design philosophies to achieve enhanced performance. In this paper, sys-
tematical numerical studies on the adhesive contact at the micro-/nano-structured interface are pre-
sented. We use a numerical simulation package in which the adhesive interactions are represented by an
interaction potential and the surface deformations are coupled by using half-space Green's functions
discretized on the surface. The results confirmed that the deformation of interfacial structures directly
determines the pressure-voltage relationship of TENG, and it can be seen that our numerical results
provided a better fit with the experimental data than the previous studies.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

proper charging material and by increasing the contact area. While
the material issue can be intuitively addressed by combining a

To scavenge mechanical energy from the ambient environment,
in 2012, Wang's group at Georgia Institute of Technology invented
a new method to convert mechanical energy into electricity based
on triboelectrification and electrostatic induction [1], which is
called the triboelectric nanogenerator (TENG), and since then
TENG has attracted enormous amount of attention in the research
community because of its simple design, high energy conversion
efficiency, broad application areas, a wide materials spectrum, and
low-temperature easy fabrication [2-20].

While there are many factors that would affect the power
output of the TENGs, such as humidity and the frequency of vi-
bration, a key factor that dictates the performance of the TENGs is
the surface charge density, which can be taken as a standard to
characterize the matrix of performance of a material for a TENG.
The triboelectric charge density can be improved by selecting a
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strong electron donating material and a strong electron accepting
material, the contact area issue is much more complicated. To
increase the effective contact area in a limited device size, micro-/
nano-structures are often designed at the contact surfaces [21-33].
For example, in a recent study to fabricate transparent TENGs [21],
three types of regular and uniform polymer patterned arrays, i.e.,
line micropatterns, cube micropatterns, and pyramid micro-
patterns, were fabricated and compared with flat surfaces with no
micropatterns. A dramatic increase in surface charge density, and
therefore power generation, of the micropatterned surfaces over
the unpatterned surfaces has been found, and the surfaces with
pyramid micropatterns has shown the largest effective tribo-
electric effect. However, despite the invention of various interfacial
structures, systematical analyses of the underlying phenomena of
contact interfaces have been surprisingly modest so far. It is still
unclear how the surface structures, such as roughness, dielectric
properties, and the presence of nanostructures, would affect the
magnitude of the charge density [34]. More fundamental studies
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on this issue are urgently needed.

In a recent attempt to investigate the impact of contact pres-
sure on output voltage of TENGs based on deformation of inter-
facial structures [35], Seol et al. conducted both experimental and
theoretical analyses of the contact problem of the pyramid array
structures. Their theoretical analysis has shown that the open-
circuit voltage should be proportional to the power of two-thirds
of the applied contact pressure, and on the other hand, their ex-
perimental results, however, have shown that the open-circuit
voltage has two distinctive regimes: increment and saturation,
depending on the applied pressure, which means that the open-
circuit voltage sensitively responds to the pressure change in a
low-pressure regime, while the sensitivity significantly decreased
in a high-pressure regime. Despite the elegance and sophistication
of the analysis employed by Seol et al. the work of adhesion of the
interface was not considered as a factor affecting the output vol-
tage of TENGs, and thus never used in their analysis. Moreover, no
attempt has been made to solve the JKR-type adhesive contact of
the pyramid array structures. As the experimentally measured
elastic modulus of PDMS was usually only about 0.36-0.87 MPa
[36], the contact problem should be considered as JKR-type and so
the influence of Van der Waals forces within the contact zone
should be taken into account.

Although JKR model predicts high elastic deformation of soft
and highly adhering materials correctly [37], to our knowledge, the
JKR-type adhesive contact for elastic bodies involving more gen-
eral shapes, such as pyramids, has not been explored either ana-
lytically or numerically. In this paper, numerical studies on the
adhesive contact of pyramidal PDMS micro-structures are pre-
sented. We use a numerical simulation method in which the ad-
hesive interactions are represented by an interaction potential and
the surface deformations are coupled by using half-space Green's
functions discretized on the surface. The DMT-type and JKR-type-
to-DMT-type transition regimes have been explored by conducting
the simulations using smaller values of Tabor parameters. A
guideline for the design of the interfacial structure is then deduced
from the systematical analyses.

The paper is organized as follows: In Section 2, mathematical
formulation is presented for the pyramidal adhesive contact pro-
blem, and essential dimensionless parameters for the problem are
defined. In Sections 3, 4 and 5, detailed numerical simulation re-
sults are presented, as well as the comparison with existing ex-
perimental data. The DMT-type and JKR-type-to-DMT-type tran-
sition regimes have been explored. Based on the simulation

Large Force --———

results, the relationship among the voltage between the two
electrodes, the amount of transferred charges in between, and the
separation distance between the two triboelectric charged layers
was analyzed. Finally, the conclusions drawn from the numerical
studies are summarized in Section 6.

2. Governing equations for the contact problem

A typical state for a vertical contact mode TENG is illustrated in
Fig. 1. When a constant downward pressure is applied to the TENG,
the rigid floating-metal plate and the soft polymer layer with the
interfacial structures come into contact. The total contact area
between the metal surface and the polymer surface will be de-
pendent on the applied pressure and the interfacial structure, i.e.,
a stronger pressure will cause a larger deformation of the inter-
facial structure, resulting in a larger surface charge density. In this
section, the problem formulation of the adhesive contact problem
for pyramid PDMS micro-structures will be presented. We here
focus on a unit block of the pyramid array with a base length of L
within one pitch of a pyramid, a base length of m in a pyramid
itself, and inter-pyramid space of L-m, as shown in Fig. 2. The
height of the pyramid itself is denoted as n.

For surface interaction, the empirical potential often used is the
Lennard-Jones potential. The Lennard-Jones potential is a pair
potential and it describes the potential energy of interaction U
between two non-bonding atoms or molecules based on their
distance of separation:

U ) = 4eo[ (o0fr)'* = (oolr)’] M

where ¢y and o¢( are potential parameters and r is the distance
between the two atoms or molecules. Integrating Eq. (1) over the
surface area, we can obtain the relationship between the local
pressure p and the air gap h as follows:

py = SZE[ (e - (e/h)’]

2

where W, is the work of adhesion, which is just the tensile force
integrated over the distance necessary to pull apart the two bodies
and ¢ is a length parameter equal to the range of the surface in-
teraction. For stiff materials, its value should be on the order of
interatomic spacing, however, for compliant materials, its value
usually becomes much larger [38].

Force
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Fig. 1. A scenario describing the contact pressure dependence of the TENG. Contact electrification occurs when a rigid metal plate comes into contact with a soft polymer
layer. If the polymer material contains micro-/nano-structures at its surface, the interfacial structures are compressed and deformed during the contact, and the triboelectric
charge density, which is resulted from the actual contact area, is dependent on the contact pressure.
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Pyramid PDMS Microstructure

Pyramid PDMS Microstructure

Fig. 2. Our analysis focuses on a L x L unit block of pyramid array structure. A right square pyramid with a base size of m x m and a height of n has been used in the
simulation. The parameter h, is the initial air gap, i.e., the separation between the rigid metal plate and the soft polymer layer in the absence of applied and adhesive forces,
and then due to surface interaction as well as the external loads, the surfaces will deform and the separation will change from h, to h. The parameter « is the displacement
(in the z direction) at infinity of the rigid metal plate with respect to the soft polymer layer.

The Derjaguin's Approximation [39] is then applied to Eq. (2).
This approximation relates the force law between two curved
surfaces to the interaction energy per unit area between two
planar surfaces, which makes this approximation a very useful
tool, since forces between two planar bodies are often much easier
to calculate. This approximation is widely used to estimate forces
between colloidal particles. Note that Greenwood also adopted
this approximation in his simulation of the adhesive contact be-
tween two inclined surfaces [40]. The separation between the two
surfaces due to the surface interaction as well as the applied load,
denoted by h, as shown in Fig. 2, will be expressed by the fol-
lowing equation:

_ 1 p&, yHdx'dy'
h(X.}/)— a+€+h0+ﬂE*‘[/!;,(X—X’)2+Ol—y/)2 (3)

where the parameter o« is the displacement between the two
surfaces with respect to the zero force position h =&, which is
often called indentation depth in indentation tests, and the para-
meter E* represents the effective elastic contact modulus. For the
adhesive contact between two linearly elastic isotropic materials
with Young's modulus E; and Poisson's ratio v;, where i=1, 2, E* is
defined as the effective Young's modulus, i.e., if both materials
feature significant compliances, the compliances add up as the
following:

1 1-v
E* E; E, 4

1_]—1/12

As shown in Fig. 2, the parameter h, in Eq. (3) is the initial air
gap written in rectangular coordinates, i.e., the separation of the
surfaces in the absence of applied and adhesive forces. The initial
air gap for a right square pyramid with a base size of m x m and a
height of n, as shown in Fig. 2, can be written as the following:

hox, y) = %(Ix +yl +Ix —yl) inside [—% %] X [—% %]

. m m m m

ho(x, y) = tsid -— = T
o(x,¥y) =n outside [ 5 z]x[ > 2] 5)
The computational domain is taken as the whole unit block, i.e.,
the finite square @ =[ — L/2, L/2] x [ — L/2, L|2]. The total normal

load f can then be written as follows:

f= f /Q P, y)dxdy ©)

To implement the formulae into numerical simulation, we then
introduce the following dimensionless variables:

m\/vad)zf3 ho ( n)
= , Uo=—, X=x|—|
K (nE*g 0= em
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em Wad 3zmZWye 2e em )
where D is the normalized displacement, i.e. the normalized in-
dentation depth in indentation tests. The parameter p is the so
called Tabor parameter [41]. This parameter, proposed by Tabor in
1976, is often used to decide whether the JKR or DMT model would
best describe a contact system, as Greenwood [40] concluded that
the limits of the Maugis-Dugdale model correspond to Tabor's
limits, i.e. the small values of Tabor parameter describe the ma-
terial behavior in DMT-type regime, and the large values of the
Tabor parameter describe the contact behavior for JKR-type
regime.

Then the normalized (Eqgs. (2), (3) and 6) can be written as
follows, respectively:

H=T_1 p=2
&
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where
Upx,y) =X =Yl +1X + Yl inside [-N,N]x[-N,N]
Up(x,y) = 2N outside [ — N, N] x [ = N, N] an

Eq. (9) is then solved by a virtual state relaxation (VSR) meth-
od: the indentation depth D is gradually increased, and the H
vector obtained from the previous step is used as an initial state
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for computing H vector in the next step. In each step, we let time
evolve until the final state in equilibrium is reached. This method
accurately plots all the stable equilibria for each value of D. In all
the simulation cases, we first increase the value of D from mini-
mum to the maximum indentation depth to simulate the approach
process, and then we decrease the value of D back to the minimum
to simulate the detachment process. This method has been ex-
tensively calibrated and validated in the past few years, showing
superior capabilities in reproducing and predicting the contact
behavior of adhesive materials in various kinds of contact pro-
blems [42-44].

3. Relationship between applied pressure and contact area

In this section, we numerically simulate the approaching pro-
cess of the soft micro-structured interface coming into contact
with the rigid metal plate for different geometrical parameters of
the pyramidal micro-structures. In the analysis conducted by Seol
et al. all the geometrical parameters about the pyramid micro-
structures are provided, but none of the material parameters are
available, so the material parameters are assumed here based on
our previous experimental experience and the information pro-
vided by the existing literature. The Young's modulus of the pyr-
amid PDMS micro-structure is assumed to be 0.44 MPa, which is
within the nominal range of 0.36 to 0.87 MPa [36]. We assume
that v = 0.5 for the PDMS micro-structures [45], and the metal
plate is assumed to be rigid. Based on Eq. (4), we can obtain that
E* = 0.59 MPa. The work of adhesion W4 can be varied from 25 to
1000 mJ/m? [46], and based on our previous experimental results
we assume that W,y = 54 mJ/m? [44], which is close to the nominal
value of 100 mJ/m2used by Tafazzoli et al. [46]. For the pyramidal

D=1 D=3
Group A
L=2.0 um
Partial Contact Full Contact
D=1 D=3
Group B
L=5.0 um x
Partial Contact ! Partial Contact
D=1 D=3
Group C !
L=10.0 um i )¢

1

Partial Contact Partial Contact

micro-structures fabricated by Seol et al. because of the nature of
anisotropic etching of silicon with the aid of KOH, the side angle of
the pyramid is always 54.7°, which means the ratio of n/m is al-
ways equal to 0.7. In their experiments, the ratio of m/L is fixed as
0.5. In their experiments, three groups of experimental samples
have been tested, and the geometrical parameters are shown as
follows: L=2.0um, m=10pum, and n=0.7 um for group A;
L=50pum, m=25pm, and n=175pm for group B; and
L=10.0 um, m=5.0 um, and n=3.5 um for group C. Substituting
E* = 0.59 MPa, Wy = 54 mJ/m?, and n/m=0.7 into the expression
for Tabor parameter as shown in Eq. (7), we can obtain the re-
lationship between the Tabor parameter p and the length para-
meter ¢. If we assume that 4 > 0.5 [43], we can obtain ¢ < 0.37 um,
which is a very reasonable range for compliant materials [38,42].
In the following numerical simulations, we assume that the value
of the Tabor parameter is always equal to 0.5.

The relationship among the force, the displacement, and the
contact area will be discussed based on the numerical results.
However, as pointed out by Greenwood [40], any criterion to de-
fine contact area can be disputable, because the air gap in this
context is assumed to be always nonzero. In the current study,
Greenwood's definition for contact area will be adopted, i.e., the
edge of contact area will be regarded as the location of the tensile
peak stress [40]. In the following discussion, the normalized con-
tact region length obtained directly from the numerical simulation
is denoted by A. = 12X.| = 12Y.|, where (X., Y.) is the coordinate
for the tensile peak stress at the corner of the contact area. The
dimensional contact region length 1. is related to the di-
mensionless contact region length A. by Ac = Ac(nfem).

Fig. 3 plots the normalized pressure distributions in the unit
block for the pyramid micro-structure pressed by the rigid metal
plate for different values of displacement. Positive values of P

D=6 1

contact region length A,

Full Contact
D=14 12
Partial Contact Full Contact

Fig. 3. Normalized pressure distributions P for pyramidal micro-structures pressed by the rigid metal plate when the normalized indentation depth: (a) D=1.0, (b) D=3.0,
(c) D=6.0, and (d) D=14.0 during approach. Three groups of samples have been simulated, and the geometrical parameters are shown as follows: L=2.0 um, m=1.0 um, and
n=0.7 um for group A; L=5.0 pm, m=2.5 pm, and n=1.75 pm for group B; and L=10.0 um, m=5.0 um, and n=3.5 pm for group C. The results show the transition from

partial contact to full contact for all the three groups of samples.
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Fig. 4. (a) The curves for the normalized contact region length A, versus the normalized displacement D. The three different curves correspond to the numerical simulation
results for group A, B, and C, respectively. The partial-contact-to-full-contact transition happens at D=1.75 for group A, D=5.20 for group B, and D=10.95 for group C,
respectively. (b) The curves for the normalized contact region length A, versus the normalized force E (c) The curves for the normalized force F versus the normalized

displacement D.

represent compressive forces between surfaces, and the edge of
contact area can be regarded as the location of the tensile peak
stress, which is colored by the deepest shade of blue in the current
color scheme. It can be seen that the maximum compressive
contact pressure at the center of the contact area forms a sharp
peak. In other words, at the center of the pyramid, the pressure is
the largest because the compression of polymer is most severe,
while the pressure becomes smaller as the distance from the
center increases. It can be seen that when the displacement is
small or the applied pressure is weak, only the top part of the
pyramid is compressed, and under this partial-contact condition,
the deformed profile sensitively responds to a small change of
pressure. The deformation eventually becomes saturated as the
applied pressure further increases, and the entire area of the
pyramid structure is fully in contact with the top metal plate.

Fig. 4(a) plots the normalized contact region length A, versus
the normalized displacement D. The three different curves corre-
spond to the numerical simulation results for group A, B, and C,
respectively. It confirms that when the displacement is small, only
the partial contact is achieved, and the contact area increases with
increasing displacement. The deformation eventually becomes
saturated as the displacement further increases. The partial-con-
tact-to-full-contact transition happens at D=1.75 for group A,
D=5.20 for group B, and D=10.95 for group C, respectively, which
is consistent with the results shown in Fig. 3. Fig. 4(b) plots the
normalized contact region length A, versus the normalized force F,
and Fig. 4(c) plots the normalized force F versus the normalized
displacement D, which shows that stronger applied pressure is
required as displacement is increased. The effect of different pyr-
amidal shapes and the effect of using different Tabor parameters
have been discussed in the Supplementary information.

4. Relationship between pressure and open-circuit voltage

Our analysis so far has been focusing on a single unit block. The
total contact area of the device can be obtained by multiplying the
contact area of a unit block 4.2 and the total number of unit blocks.
For the pyramid structure with a base length of L, assuming that
the total sample size is equal to S, the number of unit blocks will
be S/L?, and then the total contact area will be 1.2S/L% Although
some recent studies [47-50] suggest that each charged surface
actually has surface charge distributions fluctuating rapidly be-
tween positive and negative values, like a random “mosaic”, in-
stead of having uniform surface charge distributions, we here
simply adopt the assumption made by Seol et al. and the vast
majority of studies [51,52] that the total triboelectric charge can be
obtained by multiplying the total contact area and the uniform

surface charge density o, which is a parameter for intrinsic ma-
terial property. The open-circuit voltage Voc can then be de-
termined by the total amount of triboelectric charge 64.2S/L? and
parasitic capacitance Cp. The parasitic capacitance is formed by the
polymer layer. The fixed triboelectric charges at the polymer sur-
face serves as a virtual electrode which makes a pair with actual
metal electrode attached to the polymer layer. The value of Cp is
determined by total thickness of the polymer layer T, dielectric
constant of the polymer e, and total device area S. The resultant
relationship can be shown as follows:

eSS S (o (1),
oc [2Cp  [?(ereoS|T) e\ I12)°¢ (12)

where g = 8.85 x 10-12 F/m is the vacuum permittivity. It can be
seen that Vpc is a function of material parameters ¢ and e,
structural parameters T and L, and contact area from a unit block
A¢2; and Vo is independent on total device area S.

The relationship between A, and f has been analyzed in the
previous section, and based on Eq. (12), we can derive the re-
lationship between Vo and f. We assume that ¢, is equal to 2.40
[53], the thickness of the polymer layer is 400 um (provided by
Seol et al. through private communication), and the uniform sur-
face charge density o is equal to 5.84 nC/m?. Fig. 5 presents the
relationship between the pressure f/L?> and the open-circuit vol-
tage Voc. The three different curves correspond to the numerical

110
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& Numerical Results: Group A

Numerical Results: Group B H
*  Numerical Results: Group C
Experimental Data: Group A
Experimental Data: Group B ||
—— Experimental Data: Group C

50 1 60 150 200 250 300
J/L2(kPa)

Fig. 5. The relationship between the contact pressure and the open-circuit voltage.
The three different curves correspond to the numerical simulation results for group
A, B, and C, respectively. The experimental data provided by Seol et al. are also
plotted for comparison.
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simulation results for group A, B, and C, respectively. The experi-
mental data provided by Seol et al. are also plotted for comparison.

Three important tendencies are found from the results. 1) A
small-size pyramid array (e.g. L=2 pm sample) produces a larger
Voc than a large-size pyramid array (e.g. L=10 um sample) in the
partial-contact range, as a consequence of the larger density of
contact points of the small-size structure array. When the applied
pressure is so low that only the peak of the pyramid is in contact,
the number of contact points determines the total contact area.
This result implies that the high density of structures with small
unit size, such as vertical nanowire array, will present an excellent
performance in terms of the ultralow pressure application. 2) As
shown in Eq. (12), when the values of o, &, T, and L are fixed, the

open-circuit voltage solely depends on (%2) Under the full-con-

tact condition, we have i. ~ m. Since in the experiments, the ratio
of m/L is 0.5 for all the three groups of samples, and thus we can
see that the open-circuit voltages are the same for all the three
cases once the full contact condition has been achieved. 3) It can
be seen that our numerical results provided a better fit with the
experimental data than the previous studies, especially when the
applied pressure is large, and our model accurately predicts the
transition from partial contact to full contact.

The notable discrepancy between the experimental data and
numerical results in the range of small applied pressure is prob-
ably caused by the fact that when the value of Tabor parameter is
not very small as in this cases involving PDMS, the contact and
separation between two surfaces do not occur smoothly, and there
are sudden jumping in or jumping out of contact behaviors [40,42—
44]. When two bodies move closer from a large separation, a
turning point exists indicating the sudden jumping-on of con-
tacting surfaces when they move infinitesimally closer. This sig-
nificantly complicates the experimental measurements to accu-
rately determine the contact area and the initial force. This issue is
well known, and it also exists in the nanoindentation tests on
PDMS [54-58]. As discussed by Kaufman and Klapperich [56],
“Adhesion models, such as Johnson-Kendall-Roberts (JKR), can be
successfully applied to both quasi-static and dynamic na-
noindentation experiments to accurately determine elastic mod-
ulus values that demonstrate this jump-into-contact behavior. In a
prototypical indent, the indenter tip senses a negative load as it
approaches the sample such that a minimum force is seen on the
loading curve prior to the applied load increasing. The minimum
force on the loading curve is then defined as the jump-into-con-
tact and zero displacement position”. Wang et al. also discussed
this issue, and according to them, many nanoindentation studies
ignored this initial contact adhesion force effect, reporting only the
positive load portion of the load-displacement curve [55].

5. Real-time output of TENG

In this section, the impact of the deformation of interfacial
structures on the real-time power output of TENG will be in-
vestigated. The theoretical model for a conductor-to-dielectric
vertical-contact-mode TENG is shown in Fig. 6. It shows that the
motion of the top metal plate can be modeled as a spring-mass
system, and thus the equation of motion of the top metal plate is
shown as follows:

, ke o P®S _ R®S+E(®)
y®+ My(t) =M M 13)

where S is the area of the top plate, M is the mass of the top plate,
P((t) is the total pressure on the top plate, and k. is the equivalent
stiffness. The total force P(t)S is the summation of the applied
force P,(t)S and the electrostatic force F(t). For high frequency

P(t)

RARRRRRRRRRR
T

y(©)

Fig. 6. Theoretical model for a conductor-to-dielectric vertical-contact-mode TENG.

input pressures, some amount of damping can be added to the
equation.

Assume that the amount of transferred charges between the
two electrodes is denoted as Q(t), the voltage between the two
electrodes is denoted as V(t), and the distance between the top
metal plate and the PDMS layer is denoted as d(t). Note that the
initial separation is d(0)=d,. Remember that the thickness of the
polymer layer is T, and dielectric constant of the polymer is e.
From the Gauss theorem, the electric field strength at each region
is given by Eppys = — % and Eg = w, respectively [18].
The voltage between the two electrodes can then be written as
follows:

cA(t)d(t)

_ . __Qo(r
V(t) = EppmsT + Egird(t) = Seo (&_r + d(f)) + Seo (14)

Note that A(t) is the contact area A.2(t)S/L? which is different
from the area of the top plate S, because of the existence of the
pyramid micro-structures.

In addition to the applied force, the top plate also experiences
electrostatic force, as the top plate and the PDMS layer can be
considered as a parallel-plate capacitor of area A(t) and separation

d(t). The capacitance can be calculated as C(t) = E?;(‘g), and the
amount of energy stored in the charged capacitor is

W(t) = %C (t)V (t)2. The electrostatic force can then be obtained as

= WO _ D, 1EOy p

ay (t) ) 201 (15)

When the TENG is working, the top plate and the PDMS layer
will either be in contact or not in contact. When they are not in
contact, we have d(t) = dy — y(t). In general cases that a vertical-
contact-mode TENG is connected to an arbitrary resistor R, the
output properties can be estimated by combining Eq. (14) with
Ohm's law:

~ _LdQ® . Qo(T _ AW®Ido -y O]
Vi =IOR=R dt ~  Seo (E'r +do Y(t)) " Seo (16)

E®)

The power can then be obtained as W(t)=I(t)V(t). Two special
cases of the open-circuit condition and short-circuit condition can
first be analyzed. At open-circuit condition, there is no charge
transfer, which means that Q is equal to zero. Therefore, the open-
circuit voltage Voc is given by

dA®)[do — y®)]

Voc(t) = Seo a7

At short-circuit condition, V is equal to zero. Therefore, the
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transferred charge Qsc and current Isc are, respectively, given by

Qsc(t) = dA®)[do — y®)]

Tler + do — y(t) s
Ieo) = 9Qsc® _ ___cAQYOT]e
dt [T/er + do — y()? 19

Substituting Eq. (16) into Eq. (15) gives

0A(t) [ QM (T Ao -y 1) QM)  6A®)
F, __%0o _ 1 _ oADld YOI | LA@)
e® do-y® ( Seo [ er +do y([)) * Seq ][ Seq Seo ]
2
1 A Q) ( T ] cA(t)[do — y(m]
+ | - —+do-yO) |+ ———————
2 [do - y(mz[ Seo Lo TO0TYO Seo 20)

Therefore, when the top plate and the PDMS layer are not in
contact, the governing equations can be obtained as follows:

RIQO _ %(1 +do —y(t)]

dt Seg \er
cAt)[ do - y(t)]
+ —_— =
Seg
ke RS + E(®)

y® + My(t) = M 21

When the top plate and the PDMS layer are in contact, we have
y(t) = dy. Therefore, the voltage can be written as

Ve = - Q(t)([)

Seg \ &

(22)

In this case, the surface charges on each surface are close en-
ough to cancel each other out. Thus, the electrostatic force is equal
to zero when they are in contact.

We introduce the following dimensionless variables:

St cae YO e ROS 5o QM) z o RO
t= Mk y = 4 R = doko " QM) = S, Fe(t) = doke
_A®M _ doyM/ke _ T _ A@®)e?
n s’ 2= £0SR CBE erdy 1= dokeeo 23)
Then Eq. (21) can be written as follows:
dqQ (¢ = _ o
% =n(-QO@+1-y@E) +n[1-3D))
MGENIGENAGENAG) (24)
where R@®= m(]%ym(—@f)(ygﬂ —FE®) + 11 -3O1)(QD - n)+

s (~QO0s+ 1= 3@ + i1 -7 DI)) .

To study the real time output of TENG, we first focus on a
special case when A(t)=S, i.e., the contact area will not increase
with the applied force. This happens when there are no micro-/
nano-structures at the interface, i.e., the interface is flat, or the
force is so large that the deformation of the micro-/nano-struc-
tures has been saturated. In the experiments conducted in Ref.
[24], to trigger the TENG, a mechanical shaker was used to apply
impulse impact, and then open-circuit voltage and short-circuit
current were measured to characterize the TENG's electric per-
formance. It has been shown that with a contacting force of 10 N,
the TENG can produce Isc ranging from 160 pA to 175 pA, and Vo
ranging from 200V to 210 V. To simulate these results, we sub-
stitute the material parameters into (Eqs. (23) and 24) and the
numerical results are shown in Fig. 7. Most of the material para-
meters were provided by Ref. [24], and so we have M=1345¢g
[24], R=1M Q [24], $=38.71cm? [24], T=10 um [24], and do
=1 mm [24]. The spring constant is assumed to be 1278.88 N/m
[24], and since four springs are used in TENG [24], we have k.
=4k=5.12 KN/m. We also assume that & =240 [53] and o

=1.77 uC/m?2. Fig. 7 plots the input pressure, the displacement of
the top plate, the velocity of the top plate, the charge, the current,
the voltage, the short-circuit current, the open-circuit current, and
the power under a square wave input of pressure with an ampli-
tude of 10 N/38.71 cm? and a frequency of 5 Hz. It can be seen that
our numerical results agree very well with the experimental data
[24].

In the experiments conducted in Ref. [35], the contact area
increases with increasing applied pressure until the deformation is
saturated. Since the relationship between Vo and Py(t) in the
static case has been provided, we can derive the relationship be-
tween the total contact area A(t) and the pressure Py(t). Since most
of the material parameters were not provided by Ref. [35], we here
assume that M=13.45¢g [24], R=1M Q [24], S=4.00 cm? [35],
T=400 pm (provided by Seol et al. through private communica-
tion), k.=5.12 kN/m [24], & = 2.40 [53], 6=>5.84 uC/m?, and d,
=0.1 mm. Fig. 8(a) plots the curves for the total contact area A(t)
versus the pressure Py(t). The three different curves correspond to
the numerical simulation results for group A, B, and C, respectively.
Then, as in the experiments, we assume that pressures from
10 kPa to 150 kPa with a step of 10 kPa are sequentially applied in
form of a square wave with a frequency of 2 Hz. To simulate these
results, we substitute the relationship between the total contact
area and the applied pressure into (Egs. (23) and 24), and the
numerical results for real time output of V¢ for group A are shown
in Fig. 8(b), which match the experimental data very well. It can be
seen that the deformation of interfacial structures directly de-
termines the pressure-voltage relationship of TENG. The real time
output of Vo during the continuous deformation of PDMS struc-
tures are discussed in Supplementary information.

6. Concluding remarks

In this paper, numerical studies on the adhesive contact of the
pyramidal micro-/nano-structures used in the vertical-contact-
mode triboelectric nanogenerators are presented. We use a nu-
merical simulation method in which the adhesive interactions are
represented by an interaction potential and the surface deforma-
tions are coupled by using half-space Green's functions discretized
on the surface. The results confirmed that the deformation of in-
terfacial structures directly determines the pressure-voltage re-
lationship of TENG. The transition from partial contact to full
contact has been analyzed in great details. It can be seen that our
numerical results provide a better fit with the experimental data
than previous studies. This numerical simulation package can be
easily extended to include other types of micro-/nano-structures,
such as line micropatterns and cube micropatterns. It can also be
used to simulate the contact behavior of randomly rough surfaces,
but the simulation will be based on a system consisting of billions
of surface points for height distribution, which is quite involved
and necessitates a large computer.

It can be concluded that the interfacial structure of the TENG
should be carefully designed with consideration of a specific target
application, and our simulation package provides a powerful tool
to predict the contact behavior of the designed micro-/nano-
structures. The design of the interfacial structure can be custo-
mized to provide controllable pressure sensitivity and sensing
range, which can be another potential advantage when the TENG
is designed for a self-powered pressure sensor.

Besides the TENG research, this work has many other applica-
tions. For example, instrumented indentation, using preferably
pyramid indenters such as Vickers, Berkovich and Knoop, has
proved to be very useful in testing small material volumes [59].
Although instrumented indentation has been in use for about 30
years, many fundamental issues remain unclear, such as the
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Fig. 7. (a) The input pressure as a square wave with an amplitude of 10 N/38.71 cm? and a frequency of 5 Hz; (b) the displacement of the top plate; (c) the velocity of the top
plate; (d) the charge; (e) the current; (f) the voltage; (g) the short-circuit current; (h) the open-circuit current; and (i) the power. It can be seen that our numerical results
agree very well with the experimental data [24].
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Fig. 8. (a) The curves for the total contact area A(t) versus the pressure Pq(t). The three different curves correspond to the numerical simulation results for group A, B, and C,
respectively. (b) The numerical results for real-time output of V¢ for group A, assuming that pressures from 10 kPa to 150 kPa with a step of 10 kPa are sequentially applied
in form of a square wave with a frequency of 2 Hz. It can be seen that the deformation of interfacial structures directly determines the pressure-voltage relationship of TENG.
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explicit relations between the normal applied load and the depth
of penetration, details of the contact area shapes, the contact
pressure distributions, and the effect of geometrical imperfections,
etc. [60]. The current study will be very useful in the investigation
of those issues.
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