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Abstract

For a decade, Triboelectric Nanogenerators (TENG) have been massively
developed and optimized either as (i) triboelectric energy harvesters or, (ii)
triboelectric self-powered sensors. Unfortunately, it is obvious that the clas-
sical tribologists’ concerns — like the optimization of both real contact area,
friction laws and wear processes — have never really been integrated so far
neither in their development processes nor in their triboelectrical responses.
Thus, a question as basic as “What kind of tribological information can we
expect from multi-asperity triboelectric sensor rubbing on a plane in dry
friction?” does currently not lead to a trivial answer.

This paper tries to get out this paradoxical situation by simulating tribo-
electrical behavior of a multi-asperity real contact area in dry friction. Re-
sults reveal that a sliding triboelectric sensor assesses the instantaneous and
averaged velocities of every interacting asperities within the contact area,
finally probing, in real time, the tribological actual contact area behavior
during sliding.
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1. Introduction

When surfaces of two different materials are forced to rub on each other,
a finite electrical charge is transfered accross the interface [1, 2, 3|. This
phenomenon is known as frictional electrification or tribo-charging [4, 5, 6].
This charge transfer is propagated from occupied high energy states (valence
band) of the first surface into the inoccupated low energy states (conductance
band) of the antagonistic surface |7, 4]. This motion is driven by a contact
potential difference (CPD), which is proportional to the state densities and
energy distributions of the surfaces [8, 9]. Polarity of sliding insulating sur-
faces is only dependent on the direction of the electrons flow, which itself
is linked to the CPD one [10, 11, 12, 8, 5, 13]. A fast and accurate way to
assess this CPD is reported using Kelvin probe [14, 9] or Kelvin probe force
microscopy [15, 16|, for practical purpose.

Until recently, triboelectrical properties of materials have been mainly
qualitatively studied in order to identify polarities of rubbing surfaces, lead-
ing to the well known triboelectric series |17, 12, 13, 18]. Even if a huge
improvement has been recently made for optimizing materials in contact, by
maximizing their CPD — using materials science [19, 20, 21, 22|, for instance
— the underlying mechanisms controlling the dynamics of frictional electrifica-
tion are still partly misunderstood. However, recent works [23, 24, 9, 25, 26|
using more quantitative assessments at the nanoscale, have enabled to re-
veal the existence of, no less than, three mechanisms of transfer — involving
electrons [9], ions 27, 28|, and matter |24, 23|, respectively — simultaneously
acting during the triboelectrification process [29]. Although all these mech-
anisms are quite familiar to tribologists [26, 25|, this research field has been
remained rather confidential for many years [18, 29].

The revival has been ultimately connected to the recent discovery in 2012
of triboelectric nanogenerators — so-called TENG — by Z.L. Wang’s team
[30]. By generating charge densities through triboelectrification on surfaces
of contacting components moving relative to each other, TENG then drives
a current through an external circuit by electrostatic induction, giving the
opportunity to use it, either for (i) energy harvesting [31, 32, 33, 34, 35,
36, 37, 38, 39| or directly, (ii) as self-powered sensors [34, 40, 41, 42, 43|.
Properties of this current are, indeed, dependent on (i) the relative motion
of the charged materials, (ii) their surface charge density and, of course, (iii)
their surrounding environment [37, 30|, but not on the external circuitry
through which the TENG is connected [36]. Knowing these properties, many



designs of TENGs [42, 30| and power management circuitry [44, 45| have
been proposed in the literature as many proofs of concept of (i) triboelectrical
energy harvesters [46], and/or (ii) self-powered triboelectrical sensors [47].

As a result, TENGs have been deeply world wide studied and developed
for a decade, optimizing their mechanical and electrical designs [48, 38, 39,
49, 11, 50] but without any real considerations about tribological aspects
and their underlying problematics, as rightly mentioned by Armitage et al
in their recent papers [35, 36].

Since there is no real way for optimizing any triboelectric generators prop-
erties without considering their tribological behaviors in term of: (i) real
contact area, (ii) friction laws and (iii) wear behavior, this paper tends to
address a first important question. What does a multi-asperity triboelectric
sensor really measure when rubbing on a plane in dry friction? Or more
precisely, What kind of tribological informations can we expect from this
sensor? Answering these questions needs to consider several stages, thus:

(i) a sliding triboelectrical model — so-called S-TENG [51, 52, 53, 54| —
has been built, as shown in Fig. 1 by combining a single asperity
tribological model (Fig. 1c) with an electrical model (Fig. 1d) in or-
der to simulate the triboelectrical output generated by a single micro-
asperity during the sliding process. For this purpose, electrical outputs
have been computed using LTspice version 17.0.35 from Analog Devices
(www.analog.com), which is a powerful free circuit simulator software
[55];

(ii) Since the real contact area (Fig. la) is constituted by multiple micro-
asperities (Fig. 1b), a multi-asperity triboelectrical sensor has been
built, in Fig. le, by assembling elemental single models in parallel.

Thus, in the following, Section 2 will describe how triboelectrical S-TENG
models have been built by combining both tribological (§2.1) and electrical
(§2.2) models. Section 3 will then describe results of the triboelectrical sim-
ulations: (i) for mono-asperity contact (§3.1) and, (ii) for multi-asperity
contacts (§3.2) displaying same and different mechanical properties, respec-
tively. A methodology will be finally proposed for extracting instantaneous
and averaged tribological informations from asperities constituting the real
contact, leading to figure out what a triboelectrical sensor does measure.



2. Sliding Triboelectrical Sensor modeling

2.1. Tribological models

There are many ways to carried out numerical simulations of tribological
behavior [56]. They mainly depend on the complexity of phenomena that are
likely to be taken into account as, for instance, the capability to replicate:
(i) stiction, (ii) Stribeck effect [57], (iii) stick-slip occurence [58, 59|, or (iv)
pre-sliding displacement [57]. As shown in Fig. lc, two tribological models
have been built, which differ according to their kinetic conditions.

2.1.1. Model 1

Model 1 (Fig. 1lc, top) describes a single elemental micro-asperity of
polyethylen (PET) coated by a metal electrode, which is forced to rub on a
steel plane in dry friction following the classical Coulomb friction model [57].
This micro-asperity is submitted to a sinusoidal motion z((t) = A sin(wt+ )
with a pulsation w, a maximum amplitude A and a phase ¢. As the two sur-
faces are moving relatively to each other, the micro-asperity deforms and
slides with a dynamics given by the following relationship [60]:

mi(t) + k(x — xo(t)) — sign(v)ueN =0 (1)
usN)

(only valid if A >

with m, the mass of the asperity — depending of its density p, its length
[, its width w, and its height h; x(t), the actual displacement of the asperity
versus the steel surface; x((t), the imposed sinusoidal displacement applied on
the asperity’s top; k, the shear stiffness of the asperity, which is connected to
both its molecular weight [61] and its surface interactions [62]; v, the asperity
velocity ; N, the normal load applied on the asperity top; and ps and py, the
static and kinetic friction coefficients of the tribological couple, respectively.
The averaged values of the latter have been experimentally assessed by using
a nanotribometer NTR2 from CSM Instruments, Switzerland [63]. They have
been reported in the first column of Table 1 with all parameters used by this
model.

Integrations have been solved using a classical Euler-Cromer scheme [60]
implemented with GNU OCTAVE [64]. The velocity zero-crossing case has
been treated, for the sake of simplicity, by forcing the velocity at zero each
time its sign changes |60, 57|. Simulation outputs will provide the friction
force F(t) and the actual displacement z(t) of the elemental micro-asperity
versus the steel surface.



2.1.2. Model 2

Model 2 (Fig. 1c, bottom) still describes the same metal-coated polyethylen
micro-asperity rubbing on a steel plane. However, the latter is now submit-
ted to a continuous velocity v, driving the micro-asperity in dry friction,
as a so-called mass-on-moving-belt configuration [65]. Besides, additional
parameters will allow us to change the tribological behavior from sticking
to gross slip regimes by controlling the stick-slip occurence during motion
[57, 62, 66, 67, 68]. Refering to [69], dynamics of the micro-asperity can be
described by the following relationship:

mi(t) + ci(t) + kax(t) =

Y P Mk).e—clvb—ﬂﬂl;atan(s(vb (1)) (@)

where, ¢, is an exponential decay constant; vy, the steel plane velocity and
s, is the sharpness coefficient of the 2/7.atan(.) function, which here is used
to represent the friction force transition along zero relative velocity. It avoids
us to treat any velocity zero-crossing condition, as carried out in Model 1.
All the other parameters are similar to those of the Model 1 and are reported
in the second column of Table 1.

Owing to the non-linear behavior of Eq. 2, dynamical system has been
computed using Runge-Kutta integration method — so-called ODE45 for ex-
plicit variable step Runge-Kutta fourth and fifth-order method |70] — included
within GNU OCTAVE |[64].

It is worth noting that although both tribological simulations are likely to
provide the friction force F(t) and the actual displacement of the elemental
micro-asperity x(t) versus the steel surface, only the latter will be essential
for building the triboelectrical model, as explained in the next section.

2.2. Triboelectrical model

Only the actual displacement of the elemental micro-asperity versus steel
surface, z(t), is indeed needful to feed the present triboelectrical model be-
cause its value is directly dependent on any sticking or slipping events (and
even any local wear process) felt by the micro-asperity |62, 71]. The latter —
by means of its actual displacement x(t) — thus appears as a very sensitive
probe providing every local tribological informations occuring in real time at
the asperity’s scale.



Parameters Model 1 Model 2

Dimensions of PET micro-asperity (lengthxwidthxheight) [pm] 10x10x110 10x10x110

Mass of PET micro-asperity m |kg| 10712 10712
Shear stiffness of PET micro-asperity &k [N/m]| [61] 10 - 155 25 — 155
Maximum amplitude of PET micro-asperity [pm] 9 -
Normal load applied on PET micro-asperity N [N] 1073 1073
Static friction coefficient us between PET/Steel 0.28 0.28
Kinetic friction coefficient uy between PET /Steel 0.22 0.22
Exponential decay constant ¢ [57] - 1077
Drive steel plane velocity [m/s] 0 1-10

Table 1: Mechanical and tribological parameters of tribological models: Model 1 computes
the tribological behavior of a metal-coated polyethylen micro-asperity rubbing on a steel
plate with an alternative sinusoidal motion; its movement is described by Eq. (1); Model 2
computes the tribological behavior of the same micro-asperity submitted to a constant
drive steel plane velocity vp; its movement is described by Eq. (2).

Keeping these considerations in mind, z(%) can then be the unique input
of our electrical circuit modelling the triboelectrical behavior of an elemental
tribocontact, as shown in Fig. 1d. The developement of the latter can be
split in several stages:

e First stage, an elemental triboelectrical model is built from the descrip-
tion of the macroscopic TENG’s equivalent circuit model proposed by
Niu et al. [39]. In the latter the whole equivalent circuit is basically
represented by a serial connection of an ideal voltage source (Vrgng) —
originated from the separation of the polarized tribo-charges [25]- and,
a capacitor (C'rpng) due to the capacitance between the two electrodes
[30]. Equation governing the electrical behavior of this TENG is given
by [39]:

1

V=
CrenG

Q + Vreng (3)

where, the values of the ideal voltage source (Vrgng) and the capaci-
tance (Creng) need to be specified. For complex geometry, Vigpng ()
and Crgng(x) relationships can be obtained by solving electrostatics
equations for discrete values of x with a numerical method as finite



element analysis, and interpolation to get an approximated continu-
ous formulation [52]. However, for a single elemental squared asperity
sliding on a plane, the following relationships can be derivated [39]:

Vreng(z) = % (4)
CTENG(IE) = %ﬂ_@ (5)

with, o, the tribo-charge surface density [11, 6], linked to the initial tri-
boelectrical charges Qo [12], which can be assessed using Kelvin Probe
[14] or Kelvin Probe Force Microscopy (KPFM) [15]; dy, the effective
dielectric thickness, £¢, the vacuum permittivity (go = 8.8541878 X
10712 F/m), [ and w, are respectively the length and width of the di-
electrics, and z(t), the actual displacement controlled by the frictional
behavior, which is computed by the tribological models detailed in sec-
tion 2.1. All triboelectric parameters are reported in Table 2.

According to the basic electrodynamics theory [7, 1], and as shown in
Eq. (4) and (5), only the actual displacement z(¢) and the structural
parameters do influence on Vigng and Crgng relationships. Motion
parameters, such as velocity and acceleration, do not act explicitely

[39].

Second stage, knowing the Vrgng(z) and Creng(z) relationships, the
elemental triboelectrical behavior of the S-TENG can be then imple-
mented as a user’s component into LTspice software [55], as shown in
Fig. 1d. Implementation details of this subcircuit are reported in the
appendix. This SS-TENG can thus be connected to any electronic com-
ponent or commercial microchip already embedded within the LTspice
library in order to simulate complex electrical response, as power man-
agement circuit [44, 45|, for instance. However, in spite of its extensive
components library, LTspice is mainly chosen here owing to its peculiar
ability to manage highly non-linear equations [55, 72|. Thus, after in-
serting other circuit elements — as load resistors or storage capacitors —
and specifying the actual displacement z(%) computed by the previous
tribological models, LTspice is able to assess the voltage and current
outputs of the S-TENG component generated by triboelectric effect.
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This electrical outputs will, of course, depend on the contact and tribo-
logical conditions — ie, shear stiffness k, and /s ratio, and damping
coefficient ¢, and so on — included within the tribological models.

e Third stage, a multi-asperity contact can then be efficiently modeled by
assembling many elemental S-TENG components in parallel, leading
to an in-situ tribological sensor detecting events occuring within a real
contact area, as pictured in Fig. le. It is worth noting that this dis-
crete approach assumes no interaction between micro-asperities. This
is well suited in our case owing to the low applied normal load N (cf.
Table 1) leading to a low contact density A,/Ay. According to Gory-
acheva [73], there is a good agreement between theory and experiment
using a discrete approach with these loading conditions.

Parameters Values
Relative permitivity and thickness of PET [pm|  ¢,,=2.2 - d; = h =110
Relative permitivity and thickness of Steel [pm]| Conductor — dy = 0
Effective dielectric thickness (dy = EdTll + 5‘1722) [nm] 50

Dielectric length [ [pm)] 10

Dielectric width w [pm)| 10
Tribocharge surface density o [uC/m?] 80

Table 2: Parameters of the elemental triboelectric LTspice model. Materials constants are
extracted from [74, 20, 17, 75].

3. Results and discussion

3.1. Single micro-asperity triboelectrical behaviors in dry friction

3.1.1. Tribological behavior of a single micro-asperity

Both tribological and triboelectrical behaviors of a squared micro-asperity
of metal-coated polyethylen, rubbing on a steel plane, are simulated and
plotted in Fig. 2 for two shear stiffness values. As aformentionned varying
asperity shear stiffness k£ is a good way to take into account any changes of
(i) molecular weight of polyethylen [61] or (ii) interface properties [62, 76| in
our tribological simulations. Model 1 in Fig. 2a is used and parameterized
with values reported in Table 1.



Figure 2c and 2d plot the evolution of the friction force F(t) versus time
for asperity’s stiffness of 10 N/m and 155 N/m, respectively. Whatever the
stiffness value, the friction force F(t) displays a classical sawtooth behav-
ior showing oscillations due to the gap between pu; and g, which confirm
stick-slip occurences |77, 78|. While the force level only depends on friction
coefficients, its oscillation amplitude and frequency are both stiffness depen-
dent, as clearly shown in Fig. 2¢ with respect to Fig. 2d, keeping the same
i/ 1hs Tatio [79)].

More interesting are results plotted in Fig. 2e and 2f showing the imposed
xo(t) and actual displacements z(t) vs. time of the asperity displaying stiff-
ness of 10 N/m and 155 N/m, respectively. Whatever the stiffness level, the
micro-asperity moves in slips following the imposed motion x((t) but sticks
and slips as it moves along. However, while both displacements are quite sim-
ilar and synchronized for the highest stiffness (Fig. 2f), a stairstep displace-
ment is clearly observed for the actual displacement x(t) when the stiffness is
low enough (Fig 2e). As expected, the lower the shear stiffness k the longer
the delay between the imposed and the actual displacements, which finally
causes a smaller displacement amplitude during the sliding phase than the
imposed one by zo(t) — see Fig. 2e. Thus, this stairstep motion appears to be
clearly connected to stick-slip occurrences induced by the tribological behav-
ior, shown in Fig. 2c and 2d. These results strengthen our assumption that
all tribological informations are embedded within the actual displacement
x(t) without any need to assess to the friction forces.

3.1.2. Triboelectrical behavior of a single micro-asperity

Since the actual displacement z(t) embeds all frictional changes occuring
within the tribocontact, its evolution with time is then used as input to feed
the triboelectrical model S-TENG, described in Fig. 1d and in appendix. Let
us recall that this model computes electrical signals generated when a metal-
coated polyethylen micro-asperity is rubbing on a steel plane following the
tribological Model 1 [25, 23]. For this purpose, the elemental triboelectrical
LTspice component is then connected to a resistor of 1 M2 in order to com-
pute both the current i(¢) through the resistor and the voltage V' (t) across
it, as shown in Fig.2b.

Variations of the voltage outputs with time are plotted in Fig. 2g and
2h. They correspond to tribological simulations carried out for stiffness of
10 N/m and 155 N/m, respectively. Owing to the size of the rubbing micro-
asperity, voltage levels appear of course very low — around several hundred



1V — but, these values should greatly raise by considering all the micro-
asperities, which are likely to slide within a macroscopic real contact area.
Besides, it is worth noting that the voltage outputs look like a comb signal
whatever the stiffness value.

In order to figure out the meaning of this signal, Fig. 3a superimposes
on the same graph the output voltage V' (¢) plotted in Fig 2g and the corre-
sponding actual displacement z(t), plotted in Fig 2e. As a result, it appears
that electric voltage is only observed each time the asperity slides while no
voltage is detected during the sticking period. Besides, voltage peaks per-
fectly match to every state changes occuring of the actual displacement. So,
what does this triboelectrical signal really mean?

Trying to answer this question, the imposed sinusoidal displacement x(t)
is now injected instead of the actual displacement x(t) as input of the S-
TENG triboelectrical component. The voltage output V' (¢) and the imposed
displacement z((t) are then both plotted in Fig. 3c. After a sudden jump
connected to the initial transcient period, V(t) also displays a sinusoidal
behavior, which is out of phase versus the input signal xy(¢). Since this
phase difference is exactly 7/2, the output voltage V(t) clearly appears as
the derivative function of the input and so, the asperity velocity. Let us
noting that these results are perfectly inline with the experimental ones,
recently published by Armitage et al [35], showing that TENG’s output is
proportional to the imposed velocity.

Keeping this consideration in mind, the comb signal plotted in Fig. 3a
can then be analyzed more carefully. Indeed the zero-voltage of V(t) out-
put between each peak corresponds to the zero-crossing state of the velocity,
which has been treated in the Model 1, just by forcing the velocity at zero,
each time its sign changes. Besides, peaks’ amplitudes in Fig. 3a do not
mean anything in this case as they only result from the derivative of dis-
continuous functions. In contrast, time-gaps between each peaks do make
physical sense, because they assess sticking time of the asperity between two
slip events. Nevertheless, in a more general case, as the one presented in sec-
tion 3.2, informations about individual velocities of each asperity will be able
to be extracted from voltage signals by considering tribological Model 2 in
a multi-asperity contact. Thus, triboelectrical voltage provides information
about the relative velocity at the scale of the asperity which, of course, is
different to the imposed sliding velocity owing to friction. It is worth noting
that Niu et al have proposed in [39] an analytical relationship linking tribo-
electrical voltage to sliding velocity. However, their relationship — only valid
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at constant velocity — is unable to measure any relative velocity variations
and so, frictional dissipation assessment. On the contrary, our relationship
linking triboelectrical voltage to actual relative velocity gives the opportunity
to assess frictional dissipation via asperities’ velocity variations. Hence, in
the framework of self-powered sensors, it seems that a triboelectrical signal,
as shown in Fig. 3a, could be used for accurately probing the various events
occuring, at the microscale, within the real contact area.

Integrating now the electric current flowing out the S-"-TENG component
— by means of the classical relationship Q(t) = fot i(T)dT + Qo with, Qo, the
initial charge, which is connected to the tribocharge surface density o — the
evolution of the corresponding triboelectrical charge vs. time can be assessed
and plotted in Fig. 3b.

As expected, the latter strongly increases with time during the sliding
period, while it rather stays constant during the sticking period — the slightly
increase, observed in Fig. 3b, is actually only due to the time constant for
charging the surface capacitance. Again, charge values are very low here
considering only one micro-asperity, but will strongly increase later when
considering a multi-asperity contact in section 3.2. Hence, in the framework
of energy harvesting, this result clearly means that the best charging process
is the one obtained when no stick-slip occurs [80], because the latter clearly
induces a strong decrease of the charge slope, as shown in Fig. 3b.

In order to get further and trying to figure out what really happen within
a multi-asperity contact area, multiple micro-asperity triboelectrical behavior
has been simulated by assembling many elemental triboelectrical S-TENG
components in parallel, leading to an wn-situ tribological sensor detecting
events occuring within a real contact area.

3.2. Multiple micro-asperity triboelectrical behaviors in dry friction

As reminded in Fig. 4a, a real contact area is now constituted by nu-
merous single micro-asperities in interaction during the sliding motion. Four
elemental S-TENG modules have thus been connected in parallel in order
to simulate triboelectrical output generated by four rubbing micro-asperities

(Fig. 4b).

3.2.1. Asperities with same properties submitted to tribological Model 1

At first, all these modules are supposed identical assuming that every
elemental asperities have the same dimensions (10 pm x 10 pm) and the
same stiffnesses (75 N/m). In the same time, triboelectrical behavior of

11



a single asperity, displaying the same contact area as the whole elemental
asperities, has been tested too for the sake of comparison (Fig. 4d).

Results of these simulations, plotted in Fig. 4c, clearly show that tribo-
electrical behaviors are not the same by considering four interacting asperities
(blue peaks) and a single one displaying the same contact area (red peaks):
(i) the output voltage coming from the whole four micro-asperity is greatly
higher and, (ii) the two signals are clearly out of phase because stick and slip
events do not occur at the same time during the both simulations.

These results prove that a real contact area can only be simulated by
taking into account all the interacting asperities within it (or at least a
statistically representative amount) [73]. Indeed, Fig. 4c shows that the
triboelectrical output signal combines all the elemental voltages coming from
each stick and slip events. Thus, every tribological events, plotted in blue
appear in phase because all asperity display the same shear stiffness. What
does it happen if each asperity has its own one?

3.2.2. Asperities with different properties submitted to tribological Model 1

Figure 5 plots triboelectrical simulations of a real contact area constituted
of four micro-asperities modelled by four S-TENG wired in parallel, where
each asperity now displays specific stiffness ranked from 25 N/m to 155 N /m.
Each asperity still follows the tribological Model 1. Output currents are now
studied instead of output voltage in order to extract the individual behavior
of each asperity. Indeed, in a parallel circuit, the current split amoung each
component but the voltage remains the same.

Thus, all electric current outputs can be simultaneously plotted in Fig. ba,
for each asperity, with a different color. It is worth noting that LTspice
considers as positive an incoming current into a subcircuit, explaining why
outputs are now reversed versus the voltage ones, plotted until now. Since
each asperity has its own stiffness all signals are clearly out of phase, revealing
asynchronous stick and slip events, in contrast to what has been observed in
Fig. 4c.

Let us mention that same kind of response can be obtained in Fig. 5b by
keeping constant the stiffness of micro-asperities and intentionally dephasing
all input signals (by changing ¢ in the sinusoidal motion). This confirms, if
needed, that out-of-phase output signals shown in Fig. ba well comes from
local changes of tribological behaviors at the micro-asperity scale [71].
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3.2.8. Asperities with different properties submitted to tribological Model 2

In order to study the triboelectrical behavior of multi-asperity contact
in a more general case, same simulations — involving four micro-asperities
displaying specific stiffnesses — have been carried out using the tribological
Model 2 (See Fig. 6a and 6b). Shear stiffnesses are 25, 50, 100 and 155 N/m,
respectively. Simulation parameters are those reported in Table 1.

Figure 6¢ plots the output voltage for a drive plane velocity set at 1 m/s.
Let us recall that this signal is, in fact, the combined velocity of the four
asperities and so, the one of the multi-asperity real contact area. Thus,
Fig. 6¢ reveals that — owing to the suffered tribological conditions and despite
the constant drive plane velocity — this real contact area tends to quickly stop
because its own velocity strongly drops.

By changing the drive plane velocity from 1 m/s to 10 m/s, keeping
constant all other parameters, Fig. 6d reveals that, this time, the real contact
area is well driven by friction — with a very low damping — along the steel
plane. This damping is of course closely linked to both the exponential
decay constant ¢, and the friction coefficients couple set in the model (cf.
Table 1). As a result, the average velocity of the multi-asperity real contact
area, plotted in Fig. 6d, oscillates uniformly with time.

Integrating now the electric current flowing out the SS"-TENG component,
the evolution of the triboelectrical charge vs. time can be assessed and plot-
ted in Fig. 6g. This triboelectric charge continuously increases with sliding
time. However, considering now a multi-asperity contact, constituted of four
asperities, charge values have been increased by a factor 2000 with respect to
the ones involving only one micro-asperity (plotted in Fig. 3b). This results
is of great interest in the framework of energy harvesting, for optimizing the
design of triboelectric nanogenerators TENG.

Since triboelectrical outputs plotted in Fig. 6¢ and 6d are rather complex
signals embedding tribological behaviors of several asperities, could it be
possible to extract elemental behavior of each asperity?

3.2.4. Average behavior of individual asperity within a real contact area

Applying Fast Fourier Transform (FFT) on these output voltages (Fig. 6¢
and 6d) seems to be a promising way for extracting the elemental behaviors of
the real contact area components, as shown in Fig. 6e and 6f, respectively. Let
us recall that the FF'T sums samples in the original units (ie, V) multiplied
by unitless complex values due to discretization [81]. So, units after FFT
remain the same as the original signal.
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As a result, FFT signals reveal four different frequencies, which are quite
independent of the drive plane velocity, since all are observed in the both
figures. Their number corresponds to the one of asperities involved within the
contact, and their frequencies seem closely linked to their stiffness (similar
for the both cases too). Therefore, one can rationally assume that each
frequency could be related to a specific asperity sliding at its own velocity.

To check this assumption out, let us plot in Fig. 7a and 7b, the FFT of the
electric currents flowing out each elemental triboelectrical component for the
both drive plane velocities. Again, currents are plotted here instead of voltage
to enable to label each frequency with its own triboelectrical component,
which itself is associated to a specific asperity. Hence, Fig. 7a and 7b give
same informations as the ones plotted in Fig. 6e and 6f, owing to linear
relationship between current and voltage for resistor.

They however both confirm that each frequency well corresponds to a
specific asperity, whatever the drive plane velocity. There is therefore a spe-
cific frequency for each asperity, itself connected with all involved interfacial
properties |62, 71|, especially the shear stiffness here. As shown in Fig. 7a
and 7b, the greater the asperity’s stiffness the higher the frequency.

In contrast to their positions, frequency peaks amplitudes are clearly
velocity-dependent as reported in Fig. 7a and 7b. According to the physical
meanings of the Fourier’s component amplitudes [82], they should be linked
here to the actual average velocity amplitude of each asperity during sim-
ulations. Thus, for each asperity, the higher the amplitude of its average
velocity the greater the corresponding FFT peak.

Herein, Fig. 7a and 7b well show the influence of the drive plane velocity
on the average velocity amplitude of each asperity according to their local
stiffnesses, thus:

e for the lowest one — i.e. 1 m/s — the average velocity amplitudes of
all the four asperities are quite similar before to get at rest, although
they display different stiffnesses (Fig. 7a). Thus, at low drive plane
velocity, asperities seem all moving in the same overall motion and
then gradually decrease their average velocity, all together, until the
complete stop.

e In contrast, for a steady state sliding occuring at the highest drive plane
velocity — 10 m/s — each asperity moves at its own velocity amplitude
(Fig. 7b) in connection with its stiffness. The lower the shear stiffness
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the higher the average velocity amplitude because sticking process does
have time to settle down, forcing the micro-asperity to follow the drive
plane motion.

Therefore, the Fast Fourier Transform appears to be a good tool for ana-
lyzing tribological properties occuring at the asperity scale in the framework
of self-powered triboelectrical sensors. Applied to triboelectrical outputs,
FFT is indeed likely to analyse the sliding real contact area in order to
extract: (i) the number of asperities sliding or sticking; (ii) their average
velocity, (iii) their shear stiffnesses, and more generally, (iv) any changes
in tribological conditions — ie, friction or damping, surface energy, or any
wear process. However, FF'T analysis is well suitable for permanent regimes
[82], that is, when triboelectrical signals stay stable and do not change much
with time. But tribological contacts can seldom be considered as permament
regimes; they rather look like a succession of transient events. Hence, this
kind of analysis could be impoved if the FFT could be able to be carried
out in real time, or at least, with a computational time much lower than
caracteristic times of aformentioned tribological phenomena.

3.2.5. Real-time behavior of individual asperity within a real contact area

A way to adress this problem is to use a Short-Time Fourier Transform
(STFT), which is a classical Time-Frequency tool [81]. Basically, this trans-
form realize a FF'T in real time on a transient signal using a temporal sliding
window [83|. The width of this sliding window is generally chosen to fit to the
characteristic time of the studied phenomenon. For real time rubbing analy-
sis it should be very short but, of course, can be increased when considering
much longer tribological phenomena, as wear processes for instance.

In order to check this assumption out, Short-Time Fourier Transforms are
carried out on triboelectrical signals — seen in Fig. 6¢ and 6d — using a Time-
frequency Toolbox library running on GNU OCTAVE, and freely available
online at http://tftb.nongnu.org/. Short-time FFT is evaluated using
the integrated tfrstft function leading to the corresponding spectrograms
plotted in 2D (Fig 8a and 8b) and 3D (Fig 8c and 8d), respectively. Nor-
malized frequencies are used here for the sake of comparison. As a result,
frequencies variations can now be studied vs. time, and so, their tribological
interpretations too.

Refering to our previous FFT analysis, the both signals plot the evolution
of the velocity of the real contact vs. time, when the drive plane velocity
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varies from 1 m/s to 10 m/s, respectively. The aformentioned four frequency
peaks are clearly retrieved in Fig. 8 if one forgets the highest frequencies
corresponding to harmonics of fundamental ones.

What is really new on these spectrograms is that the amplitude and
frequency of each peak both evolve with time, revealing tribological changes
within the rubbing contact area. Indeed, by assuming that friction law varies
very little within the sliding window, variations of frequencies amplitude
can therefore be interpreted as real time tribological modifications at the
asperities’scale. This is because individual shear stiffness of each asperity is
not only defined by its bulk properties but also by its interface properties
which can evolved versus time [71, 24], thus:

e When drive plane velocity is high enough (10 m/s), the real contact
area appears quite constant versus time (Fig. 8b and 8d), all the four
asperities continuously slide with some velocity fluctuations along the
path because some local stick-slip events;

e In contrast when drive plane velocity is decreased at 1 m/s, asperities
evolve independently of each other, as shown in Fig. 8a and 8c. Some
keep sliding while other stop suddenly during a period depending on
their own shear stiffness, then restart sliding to finally get at rest owing
to the damping process.

As a result, the spectrogram finally maps the evolution of the real contact
area with respect of time.

As mentioned earlier, owing to the low applied load, asperities have been
considered up to now as independent — ie, without any relationship between
them. It would be interesting to wonder about the effect of possible inter-
actions of neighboring asperities on triboelectrical voltage in the case of an
experimental triboelectrical sensor. Indeed, since the latter will essentially
probe the relative velocity of each asperity, which itself is connected to its
contact stiffness, interaction of neighboring asperities — during wear processes
or at high applied load, for instance — will basically lead to assess an equiva-
lent contact stiffness taking into account all the interacting asperities. Thus,
in a real tribological conditions, when asperities suffer wear for instance, a
triboelectrical sensor will probably not be able to sense each asperity in-
dependently but rather the interactions between them via some progressive
changes of contact stiffness at the asperity scale. Since wear process leads
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to change interactions between asperities, a real experimental self-powered
triboelectrical sensor will then likely to be an interesting in-situ wear sensor
too.

4. Conclusion

The goal of this paper was to understand what kind of tribological infor-
mations could be expected from a sliding triboelectrical sensor (S-TENG).
For this purpose,

e a sliding triboelectrical model has been first built by combining a single
asperity tribological model with an electrical model in order to simulate
—using LTspice — the triboelectrical output generated by a single micro-
asperity during the sliding process. Results have showed that the latter
actually corresponds to the elemental asperity velocity;

e a multi-asperity triboelectrical sensor has been then built by assem-
bling elemental single triboelectrical models in parallel modelling a real
contact area constituted by multiple asperities. Results have revealed
that the voltage output gives then the average velocity of the real con-
tact area. Applying the Fast Fourier Transform on this output has
enabled to extract: (i) the number of asperities sliding or sticking; (ii)
their average velocity, (iii) their shear stiffnesses, and (iv) any changes
in tribological conditions. Applying a Short-Time Fourier Transform
on the same signal has provided, in addition, real time tribological
modifications at the asperities’scale.

Thus, a sliding triboelectrical sensor clearly assesses the instantaneous
and averaged velocities of every interacting asperities within the contact area
to finally probes in real time, the actual contact area behavior during sliding.

Appendix

This appendix describes how the elemental triboelectrical component is
built, tested and implemented in the circuit simulator software LTspice Ver-
sion 17.0.35 (www.analog. com).

To simulate the behavior of a triboelectric generator in sliding mode an
electrical model is composed of a voltage source Vrgng and a capacitor Creng
placed in serial connection [39]. The voltage and the capacitance are defined

17



by Eq. 6 and Eq. 7, respectively. Both depend on the distance = which is the
actual elemental displacement.

VTENG(x) = % (6>
OTENG(IE) = %0_@ (7>

A first implementation of this model in LTspice is proposed as follow:

The voltage generator Vrgng can be modelized by an arbitrary behavior
voltage source (Spice component B). The capacitor Ctgng can be defined by
a charge model definition of a capacitance. The equivalent circuit is shown
in Fig. 9.

Simulation of this circuit has been compared with the analytic result
given by Eq. 4 with data Table 1 in [39], ¢ = 100.0 uC/m?, dy = 31.25 um,
w = 0.05 m, I = 0.08 m, x(t) = vt with v = 1 m/s. The circuit is finally
loaded with a resistive charge of 1G€2. As a result, simulation gives an
absolute relative error at t = 0.05 s of 7 x 1073,

A more accurate circuit is now proposed for Crgng. This second model
of S-TENG is shown in Fig. 10. The component with index v modelizes the
voltage equation (6) and the components with indexes ¢ modelize the capac-
itance equation (7). Comparison of its output with the analytical equation
is now 1 x 107% at t = 0.05 s.

In order to simulate multiple elemental micro—asperities, the second model
is now grouped as a macro-component represented by the symbol shown in
Fig. 11. The parameters o, dy, w and [, as well as the distance x, are those
of equations (6) and (7). They are expressed in international system unit
but given as voltages inside LTspice. The load must be connected between
terminals V4 and V-.

The definition of the macro-model is simply the Spice description of
the circuit shown on Fig. 10. It must be, for instance, written in a file
nanotribogen.sub. Simulation command .lib nanotribogen.sub must
be added inside LTspice to use it, so LTspice knows what really represents
the symbol of the macro-component.

.subckt s-teng x sigma dO w 1 V+ V-
Rx x 0 10G
Bv N003 V- V=V(sigma)*V(d0)*V(x)/{epsilon0}/(V(1)-V(x))
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Fc V+ NOO3 Vc 1

Bc NOO1 O V={epsilonO0}*V(w)*(V(1)-V(x))/V(d0)*(V(V+)-V(NO03))
Vc NOO1 NOO2 OV

Cc NOO2 0 1

.param epsilon0=8.8541878e-12

.end s-teng

LTspice outputs of each S-TENG model are shown in Fig. 12 and com-
pared to results from analytical equations. The three curves corresponding
to: (i) the analytical expression, (ii) the second model, and (iii) the macro-
component are clearly superimposed. In contrast, the first model gives a
curve a little above the others.
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Figure 1: a) Construction of triboelectrical models from the description of a classical tri-
bocontact: a) Difference between the apparent (Ag) and the real contact area (4,) owing
to their surface roughness; b) Top view of a real contact area (A,), which is actually
constituted of numerous elemental contact spots (4;); ¢) Elemental tribological models
displaying a single polyethylen (PET) micro-asperity coated by an electrode rubbing on
a steel plane for two different kinematic conditions — e, (top) a sinusoidal motion, and
(bottom) a continuous sliding motion operating at constant velocity vy ; d) Elemental tri-
boelectrical LTspice component (s-teng) computing the triboelectrical voltage generated
during the micro-asperiy sliding ; input of the triboelectrical model is the real displace-
ment z(t) of the asperity computed by tribological simulations, described in Fig 1c); e)
Multi-asperity LTspice triboelectrical model built by wiring many elemental triboelectrical
models in parallel; it provides the whole triboelectrical signal generated by interactions of
asperities constituting the real contact area.
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Figure 2: Tribological and triboelectrical simulations of Model 1 computed for two PET
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to a sinusoidal motion rubbing on a steel plane in dry friction (see parameters in Table
1); b) Elemental triboelectrical model (S—T]%&G) with parameters reported in Table 2; ¢)
and d) Friction force vs. time computed for asperity’s stiffness of 10 N/m and 155 N/m,
respectively; e) and f) imposed (red) and actual (blue) displacements of PET micro-
asperity vs. time for asperity’s stiffness of 10 N/m and 155 N/m, respectively; g) and h)
voltage output vs. time computed by using the S-TENG component for asperity’s stiffness
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Figure 3: a) Superposition of the triboelectric voltage output V (¢) and the actual displace-
ment z(t) vs. time for an asperity stiffness of 10 N/m; b) Integration of the current flowing
out the circuit revealing the charging process in a capacitor or a battery ; ¢) Superposition
of the triboelectric voltage output V' (¢) and the imposed sinusoidal displacement xo(t) vs.
time revealing that the triboelectrical output is the derivative of the displacement input
signal, and so, the in situ assessment of the elemental micro-asperity velocity.
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Figure 4: Triboelectrical simulations of a real contact area (a) constituted of four micro-
asperities in parallel (b). Each asperity suffers tribological behavior of Model 1 and displays
the same stiffness of 75 N/m ; ¢) Triboelectrical voltage vs. time of multiple asperities
(blue) compared to the one of a single asperity (red) displaying same contact area (d).
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Figure 5: Triboelectrical simulations of a real contact area constituted of four micro-
asperities in parallel, as shown in Fig. 4b, but displaying specific stiffness of 25, 50,
100 and 155 N/m, respectively: a) Output currents i, (t) of each triboelectric component
plotted vs. time (a specific color per asperity stiffness k) ; b) Same results obtained by
dephasing all input displacements x,(¢) while stiffness is keeped the same for all asperities
(a specific color per phase ). (NB: LTspice sign convention is that all current flow into a
component)
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Figure 6: a) Triboelectrical simulations of a real contact area constituted of four micro-
asperities in parallel, where each asperity follows the tribological Model 2 (b) and displays
a specific stiffness ranged from 25 N/m to 155 N/m (Simulation parameters are reported
in Table 1) ; ¢) and d) Triboelectrical voltage vs. time of multiple asperities for a steel
plane velocity of 1 m/s and 10 m/s, respectively; e) and f) Fast Fourier Transform of the
signals plotted in ¢) and d), respectively; g) Integration of the electric current flowing out
the circuit revealing the charging process in a capacitor or battery.
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Figure 7: Fast Fourier Transform of the electric currents flowing out each elemental tri-
boelectrical component for two drive plane velocities : a) v, = 1m/s and b) v, = 10m/s,
respectively. Peak position in frequency is clearly connected to the asperity’s stiffness.

34



o
—

Normalized frequency

Normalized frequency 0 o0 Time [ms]

b) :
|
I
.. 04 -
<
£
@ &
3
g 03
&
=]
i
3
Tg 0.2
g !
“ 04 g
: I
} 0.2 5
. /] ’ .
0O > 2 P P Normalized frequency 0 0 Time [ms]

Time [ms]

Figure 8: a) and b) Spectrograms of the triboelectrical voltage plotted in Fig. 6¢ and 6d,
respectively; ¢) and d) their 3D representations.
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Figure 9: First model of S-TENG.
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Figure 10: Second model of S-TENG.
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Figure 11: Macro-component of a S-TENG.
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Figure 12: Comparisons of LTspice outputs and analytical equation.
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