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Highlights

* Triboelectric charging of polymeric slabs may be direction-dependent

* Tribocharging anisotropy is partly due to direction-dependent superficial roughness
* Surface electric potential maps depend significantly on the sliding direction

* Non-uniformity of surface electric potential produces large local electric fields

* Average surface electric potential is higher along the direction of higher roughness

Abstract

The paper contributes to the understanding of triboelectric charging mechanisms. It
brings evidence of the fact that in polymer slabs this effect may present significant direction
dependence (anisotropy) related to the initial superficial roughness. The study was carried out
on Polyvinyl Chloride (PVC) slabs in frictional sliding conformal contact with Acrylonitrile
Butadiene Styrene (ABS) slices. It showed that the anisotropy of tribocharging is correlated
to that of initial surface patterns (texturing) specific to polymer manufacturing process. The
effect is preserved for small numbers of repeated movements even when moderate wearing
occurs. Conclusions are derived for improving triboelectric energy harvesters, sensors, and

other applications.

Keywords: triboelectrification, direction-dependence, sliding, polymers, potential profile

1. Introduction

The study of triboelectric charge generation has seen a revived interest during the last 10
years because of its numerous potential applications. Thus, friction reduction in various types
of mechanisms can be achieved by an external electric field orthogonal to the lubricated
contact [1] — [3]. Same effects can be obtained when the electric field is generated by the

electric charges separated by the triboelectric effect on polymers surfaces in sliding frictional
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conformal contact [4], [5]. Several tribocharging devices have been developed [6] — [9], for
being used in conjunction with free-fall or roll-type electrostatic separation [10], [11]. The
tribocharging effect is more and more widely used for energy harvesting [12] — [20], i.e., the
conversion of the frictional motion between dissimilar bodies into electric power. Such
triboelectric generators can be employed as sensors [21] — [23], for a number of applications,
including pressure measurement [24], as well as texture and sliding motion sensation [25].

The anisotropy of tribology effects has been put into evidence in many papers [26] —
[30]. The theoretical and experimental studies reveal the effects of surface texturing on the
friction forces in both lubricated and unlubricated contacts [31]-[34]. It can be assumed that
the triboelectric effect is also direction-dependent.

However, the anisotropy of triboelectric charging has not been addressed yet. There are
several applicative and theoretical reasons to investigate the direction dependence of the
triboelectric effect. In domains where the triboelectric charging is undesired, such as in
mechanisms with plastic parts, understanding the role of anisotropy may help in reducing the
electrostatic hazard related to this phenomenon. In applications where triboelectric charging
is useful, such as energy harvesters, optimization of the outcome may be possible by taking
advantage of the anisotropy of the process as long as the wearing of the surfaces is low.

The triboelectric effect [35], [36] consists in a set of phenomena involving physical
(mechanical, thermal, electrical) and chemical processes [37], as well as the geometrical and
statistical properties of the surface pattern [36]. In particular, triboelectric charging in
polymers is a complex process involving many inter-related phenomena, such as chemical
bonding and bond rupture, energy levels in macromolecules, formation of radicals, charge
mobility, thermal dissipation, surface electric charge distribution, electromagnetic radiation
generation, and possibly others [38] — [41]. The charge generation induced by friction and
deformation (elongation, compression), and fracture involves molecular and macroscopic
processes. All friction processes induce microscopic deformations and fracture (the last one
best known as abrasion and ‘wearing’), as well as thermal effects. Hereafter, these processes
are reviewed in relation with their potential dependence on the direction of movement of the
contact surfaces.

It is believed that a common mechanism that produces charging of polymer samples
during friction with wearing is bond cleavage, also named bond scission. The proof of this
effect was given among others by Dickinson et al. [42] — [45], who found evidence that
carbon oxide molecules are released during bond cleavage in polycarbonate mechanically
loaded up to failure at room temperature. This mechanism of charge generation is prone to
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show directional effects in polymeric materials with oriented molecular chains (structural
anisotropy). Therefore, this mechanism is likely to be involved in the triboelectric charge
generation process described in the present paper and which was related to the frictional
contact between polymer slabs characterized by anisotropic initial surface patterns.

The charge generation can be different in various materials, depending on the molecular
orbital energy and its distance to the Fermi level, with nonlinear effects occurring when the
two energy levels are close [46]; higher friction coefficient in a specified direction helps
attaining the threshold of charge generation at lower friction forces and thus induce a
directional-dependent effect of charging.

In an early paper, Henry [47] has shown that there are essentially two different effects
that lead to tribocharging: the surface contact charging, not needing any friction and
essentially anisotropic, and the friction-induced charging, that may occur for same type of
materials under friction. The second process, Henry suggested, is potentiated by local
differences between the properties of the two surfaces and by thermal gradients induced by
friction [47]. Dickinson and Jensen [43] argue that the heating of the insulating polymers due
to friction also plays an important part in the charge generation. The heat stimulates free
charge generation. Higher friction coefficient in a specified direction would increase the heat
dissipation and thus enhance charge production. However, temperature exponentially
increases the conductivity of the dielectrics and may lead to faster decay of the charge.

There are several side-effects that may affect the empirical study of the triboelectric
effect; these parasitic influences must be carefully considered and avoided. For example,
Dickinson, Jensen, and Dion [45] found that at least in some cases, charging of the polymer
samples was due only to slippage of the sample in the grips accompanied by charge transfer
between the metallic grips and the polymer. Sometimes, the charge generation is
accompanied by electrical discharges and optical emission [48], [49]. These phenomena and
similar ones involving uncontrolled variables add to the difficulty of characterizing the
triboelectric effects and may produce conflicting results.

This mainly empirical study first introduces several theoretical considerations on the
anisotropy in Section 2; then it describes in Section 3 the experimental method, setups, and
materials used. Section 4 presents a summary of the experimental results on the potential
maps resulted from tribocharging; these potential maps are analyzed in Section 5 with several

statistical means. Section 6 discusses the results and draws conclusions.



2. Anisotropy of the friction

There are several phenomena that may contribute to the anisotropy of the friction of
polymeric materials, all depending on the technological manufacturing process. One is the
production of macroscopic directional patterns on the surface of the material during
manufacturing (Fig. 1), and is common in such processes as: (i) lamination (rolling) and
thinning of plates; (ii) extrusion or cold drawing of bars and wires through a die. Other
phenomena are microscopic, related to the material structure, such as packaging of the
polymer chains during manufacturing; they are influenced by the thermal regime as well as
the mechanical stress applied to the material, mainly during initial phases of fabrication. For
some plastics and for specific technologies, such as those used in polyester and nylon
(polyamide) fiber fabrication, the alignment of the fibers (by cold drawing) can reach almost
perfect order, as in a crystal, with specific chemical bonds between the chains (hydrogen
bonds form between the amide groups, thus modifying both the mechanical and electrical
properties of the material). In anisotropically structured materials the friction coefficients
may also depend on the direction of relative movement of the bodies in contact, especially
when abrasion occurs. As a matter of fact, the fracture mechanisms depend on the elastic and

plastic deformation coefficients, which — in such materials — differ according to the direction.
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(a) Bumped, essentially (d) Elongated corrugations with and without
isotropic surface fins

Fig. 1. Sketches of surface patterns that may explain isotropic and anisotropic, direction-

dependent friction

The cumulative effect of the microscopic and macroscopic processes is that the friction
coefficients (FC) are not the same along different directions. Conventionally, the movement
direction with minimal value of the friction coefficient is named the preferred ‘parallel’
direction. In the case of a laminated surface, it corresponds to the direction of the striations.
The respective friction coefficient is denoted by y (Fig. 1), and the one along the normal
direction by u,. There is no guarantee, however, that the maximal value of the friction

coefficient is along the normal direction. Also, the friction forces along a specified direction
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cannot be computed applying the two friction coefficients in a vectorial manner. When there
is a prevailing direction in the patterned surface, usually named ‘lay’ that direction can be
determined by visual inspection or by roughness profiling. The lay can be taken as preferred
movement direction and denoted by the sign ||; along the lay, the sliding against a surface

similarly or anisotropically patterned should be produced with minimal friction.

3. Experimental method and setup description

3.1. Measurement setups

The directionality (anisotropy) effect in the triboelectric charging of polymer slabs was
studied using a custom-made setup composed of the electromechanical bench for sample
tests, the electric potential measurement system, and the auxiliary devices for temperature
mapping [5]. The electromechanical bench consists essentially in a reciprocating tribometry
measurement bank that allows conformal-contact sliding movements with constant speed
under friction forces that can be varied in a large range. The speed and the number of
reciprocating movements are programmable. The system for measuring the potential on the
tribocharged sample includes a computer-driven bidirectional x-y measuring table that carries
the tribocharged sample and moves it under the electric potential measurement probe (Trek,
model 3450). The potential values read by the electrostatic voltmeter (Trek, model P0865)
are automatically recorded and stored. The basic experimental setup was described in [4] and
[5], while details on the measuring method and several issues related to data processing were
presented in [5], [50] - [53]. Details on the measurement conditions are given in subsections
3.3 and 3.4, including illustrations of the variation of the normal force, tangential force, and
displacement, as measured by the sensors of the reciprocating tribometry equipment.

The roughness profiles of the slabs used in the experiments were also determined (using
the device SurfTest Mitutoyo ver. 2.0; standard I1SO 4287 — 1997, profile R, A, = 2.5 pm,
cut-off at 0.8 mm, Gauss filter); in addition, the slabs were checked under microscopy under

illumination with several colors for assessing the lay, as discussed in the next subsection.

3.2. Materials

The samples consisted of industrial grade slabs, cut from large sheets of PVC, ABS, and
PS, taking precautions not to produce scratches on the surfaces to be tested. The materials
under friction were, PVC for the lower sample, in all experiments, while ABS, for the upper
sample. The PVC slabs had oriented corrugations, thus their surface presented geometric

anisotropy. All slabs were electrically neutralized before each test using an air ionizer (model
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ECA 88B, ELCOWA, Mulhouse, France), following the manufacturer’s instructions. The
material surfaces were inspected under optical microscope to determine the type of surface
texturing and the lay. Pictures of typical surfaces of the samples are shown in Fig. 2. The
PVC slab under white light exhibits a lay with the surface texturing characterized by long
striations and with some smaller circular indentations. The PVC slabs photographed under

yellowish light show, beyond the horizontal lay, pointwise surface defects (indentations).

e . infrequent
Random, infrequent, small ool large
circular indentations D <+~ indentations

(@) (b)

0
[

(©) (d)
Fig. 2. Examples of surface texturing for the PVC slabs used in experiments. (a) Under

yellow light, with small circular indentations better visible; (b) filiform striations are the main
surface pattern (lay), well visible under white light. Pictures (a), (b) were processed for
contrast and luminosity. Scale bars in Fig. 2(a) and 2(b) represent 1 mm. (c) and (d) Surface
roughness profiles obtained before friction with the automated optical 3D profiler type

Talysurf CCI 6000 (confocal interferometric roughness meter).

The PVC samples in Figs. 2 have surface textures with anisotropic features, with the
lengths of the filiform striations (grooves) of the order of tens of millimeters while the

transversal direction dimension is less than 0.2 mm, as it can be seen on the calibrated



pictures. Random indentations of the surface with average diameter of less than 0.50 mm and
a few randomly oriented striations of about 0.1-5 mm in length are also present.

The ABS samples are textured but the texture is largely isotropic; some ABS samples
present infrequent local anisotropic surface elements (grooves), which are visible under
magnification, under suitable light direction and color (after contrast and luminosity modified
for improved visibility of the texture in the pictures). Figure 3 shows examples of typical

ABS surface patterns.

Grooves Indentation

(@) (b)

Fig. 3. Examples of ABS surface patterning. While some linear defects appear on some
samples under yellow light (a), the surface pattern is essentially isotropic with random
distribution of small bumps and valleys (b).

The surfaces roughness profiles were determined along two orthogonal directions, one of
them along the lay. An example of roughness profile for a PVC slab used in experiments is
shown in Fig. 4 (sample 04A). All reported roughness measurements, average roughness Ra,
root mean square roughness Rg, and mean roughness depth Rz, are based on 1SO 4287-1997,
profile R, A, = 2.5 um, cut-off at 0.8 mm, and Gauss filter. For the sample in Fig. 4: Ra =
0.075 pm, Rq = 0.095 pm, Rz = 0.463 pm.

0_5'_‘§ Evaluation Profile [%0] ADE
0.0 N
-0.5 L L L L
0.0 1.0 2.0 3.0 fl.O 0 1 2 3 4 5
mim] [%]

Fig. 4. Roughness linear profile and amplitude distribution curve, for a slab of PVC
(04A), lay (]|) direction.



The above data is for PVC in the parallel direction. An example of results obtained for
the normal direction is given in Fig. 5, which shows the large amplitude and wide peaks and
valleys (micro-waviness) due to the asperities of the material now appearing normal to the
measuring direction (profile direction), with some periodicity. Notice the much wider and
thicker tales of the amplitude distribution curve (ADC) in case of the normal profile. The
values of Ra and Rz (Ra = 0.755 um, Rq = 0.921 um, Rz = 4.146 pm) are also strongly
dissimilar to the ones for the parallel direction. These dissimilarities are robust indicators of

the different friction coefficients in the two directions.

E Evaluation Profile [%
55.0
0.0
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(ron] el
(@) (b)

Fig. 5. Roughness linear profile (a) and amplitude distribution curve (b), for the same
slab of PVC (904A), normal (L) to the lay direction.

The ABS samples have an isotropic surface pattern, with almost circular ‘bumps’ and
‘valleys’ with virtually homogeneous distribution. Some scratches may have occurred by
minor accidents in the manipulation previously of entering the laboratory. An example of
typical roughness profile for the ABS slabs used in experiments is shown in Fig. 6. While
some bumps have heights comparable with those of the striations on PVC slabs, the bumps
are irregularly placed. Compared with the roughness profile of PVC ||, the ADC has a much
larger range (wide ‘bumps’). The roughness measurements produce Ra = 0.219 um,
Rq = 0.290 um, Rz = 1.441 pm. The roughness parameters determined for ABS are given
in the Table 1.

Evaluation Profile

%l ADC
20 ; ; ;
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00
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e 0 1 2 3 4 5
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(a) (b)
Fig. 6. ABS linear roughness profile (a) and ADC (b); corresponding to the microscopic

[urm]

image in Fig. 3.



Table 1. Example of 2D roughness values for ABS slabs

ABS slabs | Ra um | Rg um | Rz um
Parallel direction
ABS 01 0.2190 0.2900 1.4410
ABS 02 0.1920 0.2490 1.3690
ABS 03 0.1560 0.2010 0.9020
AVERAGE 0.1890 0.2467 1.2373
STDV 0.0316 0.0445 0.2926
Normal direction
ABS 901 0.4170 0.5180 2.1330
ABS 902 0.2580 0.3320 1.7780
ABS 903 0.2010 0.2680 1.7780
AVERAGE 0.2920 0.3727 1.8963
STDV 0.1119 0.1299 0.2050

Notice the great difference between the ABS roughness values and those for PVC,
moreover the great difference between the PVC roughness measured along the lay direction
and along the normal to the lay. The roughness parameters for the PVC slabs are given in the
Table 2 and indicate a strong (about x 6) difference in the Ra parameter between the
roughness profiles along the lay direction and normal to it. The roughness values Rq obtained
by the automated optical 3D profiler are comparable to the ones obtained by unidirectional
tests with the device SurfTest Mitutoyo ver. 2.0. (The maximal values Ra and Rz cannot be

compared because of the different statistics produced by the 2D and 3D measurements.)

Table 2. 2D roughness parameters for PVVC slabs (values in pm)

Direction parallel direction normal direction
Roughness parameter Ra Rq Rz Ra Rq Rz
PVC 01A 0.129 | 0.184 | 1.496 | 0.941 | 1.153 | 5.119
PVC 01B 0.105| 0.13|0.659 | 0.812 | 0.979 | 4.08
PVC 02A, long PVC nr2 0.102 | 0.134 | 0.663 | 0.805 | 0.985 | 4.218
PVC 02B, square PVC nr2 0.146 | 0.186 | 1.15| 0.864 | 1.067 | 4.712
PVC 03A 0.14 | 0.197 | 1.119 | 0.743 | 0.914 | 3.964
PVC 03B 0.16 | 0.198 | 1.084 | 0.746 | 0.925 | 4.237
PVC 04A 0.075 | 0.095 | 0.463 | 0.755 | 0.921 | 4.146
PVC_04AA+4A on another position | 0.114 | 0.146 | 0.718 - - -
PVC 04B 0.224 | 0.274 | 1.213 - - -
PVC 05A 0.122 | 0.148 | 0.795 | 0.956 | 1.207 | 5.337
PVC 05B 0.188 | 0.24 | 1.209 | 0.751 | 0.948 | 4.305
PVC averages 0.137 | 0.176 | 0.961 | 0.819 | 1.011 | 4.458
PVC STDV 0.042 | 0.052 | 0.316 | 0.083 | 0.107 | 0.486




Using only the samples for which data was collected for both directions, the t-test (for
different variances) produces t Stat =22.97, t Critical two-tail = 2.200, P(T < t) two-tail =
1.2E-10, showing that the roughness values are statistically different in the two directions.

In addition to the tests described above, the surface profile was determined before and
after wearing due to friction using the automated optical 3D profiler type Talysurf CCIl 6000
(confocal interferometric roughness meter). For these 3D profiles, the settings were:
magnificationx 10, optical resolution 1.8 um, maximum slope of the measured surface 7.7¢,

measured area 1.8 x 1.8 mm.

3.3. Tests for tribocharging

All tests were performed under constant rubbing speed of 15 mm/s [52], which was
found to create a high-enough level of charging. The distance of rubbing (stroke) was 50
mm, imposed by the setup. The upper (pressing) slab was kept fixed, while the movement of
the bottom slab was alternative along the stroke, with 10 cycles of back and forth movement.
The lower slab shape was always square (50x50 mm) for it can be removed and turned into
the normal direction for repeating the test. Between tests, the slabs where discharged using an
air ionizer (model ECA 88B, ELCOWA, Mulhouse, France), following the manufacturer’s
instructions. The upper slab had a contact (friction) surface of 10 x 10 mmz2. Throughout the
paper, slabs are denoted by the first digit “0” when the friction force direction was parallel to
the lay (surface orientation) under test, and by the first digits “90” when the orientation was
normal.

The main electric quantity measured was the potential V} , at 25 points, h,k = 1, ...,5,
with the position denoted by the number of the line (h =1...5), and the number of the
column (k = 1, ...,5) counting from the left. The columns are parallel and along the direction
of friction during periodical back and forth motion. Ten cycles of rubbing, under a normal
force of 10 N (nominal), were applied before measuring the potential. The potential was
measured immediately after the friction cycles as described in [5]. The movement direction
with respect to the measuring points on the sample is shown in Fig. 7. The measuring

conditions were RH = 40 — 45% and 6 = 25 — 27 °C ambient temperature.
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Cl|{C2|C3|C4|C5 A
L1| 1 1116 | 21
2| 2 121171 22 Back and forth
movement
L3 3 13118 23 directions
L4 | 4 14119 ]| 24
L5| 5 |10 | 15| 20| 25 v

Fig. 7. Measurement points at the surface of the bottom sample; the higher potentials tend
to occur in the nine points of the central part.

3.4. Measured quantities during friction experiments

A detailed study of the setup used in the measurements, of the forces occurring during the
process, and of the applied signal analysis was presented in [53]. The measured quantities
included the tangential force F;(t) applied to the moving sample holder, the normal force
E,(t) applied to the samples, the time variable displacement d(t) of the moving sample
holder, the electrical potential and the temperature map of the bottom sample immediately

after the friction. Examples of temporal variations of F,(t), F,(t), and d(t) are shown in Fig.

2 3

1
1 2 3

Force (N)

0

Force variation (N)
Amplitude (mm)
1 0

-1

0 500 1000 1400 0 600 1000 1400 "o 600 1000 1400
Time (1/10s) Time (1/10s) Time (1/10s)

(a) Tangential force F;(t) (b) Normal force variation  (c) Displacement d(t)
AE,(t)
Fig. 8. Examples of time variation of the measured quantities (friction between PVC and

ABS samples)

The normal force applied to all samples was 10 N. The normal force variation, created by
the vibrations produced during the movement, including vibrations due to the sliding of the
samples, was recorded (Fig. 8 b) and taken into account in the computation of the work of the
friction forces [53]. Notice that the variation of the normal force is less than 0.4 N (4%). As
the reciprocating movement of the mechanisms used in the experiments has virtually no

stops, the measurements are not affected by any stick-slip effect.
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4. Experimental results

4.1. Potential measurement results

An example of the potential values measured for parallel and normal directions of sliding
for PVC samples against ABS, is given in Table 3, and additional values in the Annex, Table
Al. The highest values were consistently found toward the center of the slabs, irrespective of
the orientation. Notice that some measured values at the borders of the slabs are anomalous,
with reversed polarity. This might be explained by the interplay of three mechanisms.
Because of the thermal dissipation, the center of the slab becomes hotter (see Fig. 9),a
phenomenon that favors the accumulation of more charge in that area; the higher charge, in
turn, repels same sign charges at the boundary of the slab; hence the charge reversal at the
boundary. The strip of higher temperature occurring in Fig. 9 corresponds to an indentation of
the sample due to stronger wearing, with significant abrasion. An example of non-uniform

potential map is shown in Fig. 10.

Bx1 Max 27.4°C oC
Min 25.3 °C

Average 26.0.°C

Fig. 9. Example of temperature map indicating non-uniform temperature (non-uniform

heat generation), which partly correlates with the electric potential maps

Fig. 10. Example of non-uniform electric potential map.
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Table 3. Electric potential, U, U;, measured for parallel and normal frictional sliding conformal contact,
PVC vs. ABS corresponding to the slabs in Tables 1 and 2.

Sample Code 01A Sample Code 901A
-23.5 911 -57.3 -43.5 -9.4 -28.7 -77.5 -92.6 -133.1 2.4
-48 -825.4 -657.7 -54.9 -3.8 -142.21 -1200.8| -1577.1 -319 -5.6
-30.4 -550 -526.9 -31.9 21 -743.3| -1083.9| -1646.6 -298.3 0.2
-9.6 -472 -522.4 -40 0.1 -90.8 -358.8( -1571.9 -120.6 -16.1
45.8 253.4 -781.4 -140.6 -9.9 76.1 835.5 489.5 -88.8 -16.8
Sample Code 02A Sample Code 902A
3.8 -17.6 -11.1 11.4 -14 -20.9 -59.5 -19.5 -10.1 -5.9
4 -733.9 -195.9 8.3 0.6 -74.5 -995.4| -1846.5 -72.3 -8.7
13.6 -748.1 -362.2 -14.4 3.6 -98.1 -938.9 -2258 -95.5 -6.6
8.4 -461.1 -346.3 -9.3 -0.4 -16 -329.4 -1458 -63.7 -0.2
17.5 370.7 158.9 0.6 -9 60 863.8 612.5 26.9 10.4
Sample Code 03A Sample Code 903A
-22 -25.9 -99.4 -15.7 -6 3.3 73.3 -101.4 -127.9 2.5
-68.6 -1242| -2194.8 -94.7 -13.4 -53.6 -967.7 -2824.2 -186.9 4.9
-44.9 -915 -3395 -148.1 -19.7 -65.3| -1146.5| -3735.7 -242.4 5.9
14.9 -468.7| -2010.9 -83.3 -16.1 -13.7 -616.7 -3035.9 -121.4 2.8
107.1 787.4 785.3 63.5 -10 85.1 1420.5 877 35.7 33

The averages of the potential differences between the two cases with different directions

of movement are given in Table 4, along with the averages for the central values on the

sample (central region as indicated in Fig. 7). The inter-samples charging variability is

greater for parallel sliding, which produces lower charging, than for orthogonal sliding.

Table 4. The average values of the electric potential for the overall measuring points and

the central ones, for samples 01, 02, and 03, respectively 901, 902, and 903.

Sample | Parallel, Parallel, Normal, | Normal, | Difference Difference
full (all central full central normal-parallel, | normal-parallel,
points) points full (absolute central (absolute
value) value)
01 -185.1 -322.8 -328.3 -706.7 143.2 383.9
02 -92.372 -240.0 -272.1 -678.9 179.73 438.9
03 -365.44 -891.1 -429 | -1086.1 63.56 195
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The longitudinal (along the movement direction) and the transversal profiles of the
electric potential are exemplified in Fig. 11. The variations of the potential are consistent with

previous studies [50].

Electric field longitudinal profiles. Electric field transversal profiles.
Sample 1, normal direction (901A) Sample 1, parallel direction (01A)
1 2 3 4 5 . ! 2 3 4 >
1000 - , ) , | o . 400 I 1 ! ) | cee-- Series1
500 J 200 - z — Series2
0 — = o )
200 - - o« == Series3
-500 - = j=3
4004 \. S Series4
-1000 . -600 -
T =4 -800 A Series5
-2000 j=5 -1000 -

Fig. 11. Examples of longitudinal (left) and transversal (right) profiles of the electric

potential, for the five (j = 1, ...,5) measurement lines, denoted by C1-C5 in Fig. 7.

The differences of the potentials created by parallel and orthogonal friction for three
samples, given in Tables A2 and A3 in the Annex, also indicate a strong dependence of the

tribocharging on the direction of movement.
4.2. Correlation of the electric potential maps for the parallel and normal directions

The repeatability of the tribocharging results for different PVC samples was verified
using the correlation coefficients for the potentials. All Pearson cross-correlations were

computed using the standard formula

n_(Uk(0) = UF) - (Ul (k) - UY)

c(ur,ul) =
— ; —\ 2
Jzzzl(u,f%k) - UR)” - Jzzzl(Uz (k) - U/)

)

where U! and F are the averages, * stands for either L or ||, and k is the index of the
current point, n = 25. For example, with these notations, C(Uﬁ’,Uﬁ), where h,j are two

samples, is the correlation coefficients for parallel sliding, also briefly denoted by Cyyyy -
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The correlation coefficients for parallel sliding, Cyy,y, Were larger than 0.6 but lower
than 0.72. For orthogonal friction, these coefficients, Cy, ;;,, were all higher than 0.93, see
Table 5. Because at the borders of the samples the values of the potential are more random, a
better indication can be given by the averages computed on the central part of the slabs.

The correlations between the electric potential distributions for the parallel and normal
directions, for samples (i,j), i # j, i,j = 1,2,3, are given in Table 5, which shows that the
potential maps were almost perfectly correlated for the orthogonal friction direction (which
has higher friction and potential), while for the parallel direction the correlations were
weaker. Even stronger correlations were obtained for the central points for the differences of

the potentials defined as AU, = U, — Uk, see Table 6.

Table 5. Correlation of the charging (electric potentials) for the parallel and normal

directions, for the samples (i,), i # j,i,j = 1,2,3

Correlations for the parallel direction Correlations for the orthogonal direction

corr(01,02), Cyy,p(1,2) 0.717 | corr(901,902)Cyy 1y, (1,2) 0.958
corr(01,03), Cy,y(1,3) 0.602 | corr(901,903)Cy, 11 (1,3) 0.935
corr(02,03), Cyy,u(2,3) 0.657 | corr(902,903)Cy, 171 (2,3) 0.982

Table. 6. Correlation of the potential maps for couples of slabs submitted to the same

type of friction process, for the central points

corr (Diff 01,02) 0.826
corr (Diff 02,03) 0.733
corr (Diff 01,03) 0.688

The strong correlations between the triboelectric potential maps of different PVC
samples after friction with the same ABS sample also show that the results are not random,
but due to well-identified causes and repeatable processes. These results also show the
triboelectric charging can be confidently used in industrial applications, such as energy

harvesting, where repeatability is paramount.

4.3. Statistical analysis of the experimental results -Anisotropy verification

The statistics of the differences of the potentials on samples with friction parallel,
respectively orthogonal to the surface pattern confirm the hypothesis of anisotropic
tribocharging. The differences in electric potential are given in Table A3. The distribution of

the differences is not strongly asymmetric with respect with 0 (Fig. 12); therefore, a simple
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visual inspection is not enough convincing. Notice that the distribution in Fig. 12 is not

Gaussian, therefore the p-value cannot be computed as for normal distributions.

N
w

Distribution of potential differences

=R N
v O u1 O

relative frequency

o

-1000 -100 -10 0 10 100 More
Difference in potential, same slabs, different orientations

vl

Fig. 12. Example of distribution of potential differences for PVC slabs after friction
against ABS.

Applying the t-test to the differences between the electric potentials for the normal and
parallel friction, as in the Table 8 lead to a convincing rejection of the hypothesis that the two
directions of friction produce the same effect (null differences on average), with a p-value
equal to 0.00063 << 0.05 for n — 1 freedom degrees, where n is the number of values, and
left tail. Considering a single degree of freedom, the p-value is 0.092 > 0.05. To further verify
the hypothesis, the test was performed for the values in the central parts of the samples. When
the differences are calculated only for the central columns, for n — 1 freedom degrees, the p-
value for the hypothesis of isotropic friction becomes of the order 1072°. Using a single
degree of freedom, the p-value is 0.014 < 0.05, clearly proving the hypothesis of anisotropic
charging.

The demonstration of the statistical difference for the full potential maps of the
tribocharged PVC samples is given in Table 9. For all pairs of tests, carried by sliding along
the parallel and the normal directions, the differences of the potential maps are statistically
true with high probability.

Table 9 demonstrates with confidence between 0.97 and 0.998 the distinction between
the pair of potential maps obtained by triboelectric charging in the two normal directions.
Tables 8 and 9 show that the direction of higher roughness of the surface of the samples was

always associated with higher average squared values of the potential.
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Table. 8. Set of values in the electric potential maps used to test the hypotheses of
different statistics for the triboelectrification during sliding along the parallel and normal

directions

Sample|Sample|Sample|Sample|Sample|Sample|Sample|Sample|Sample|Sample

01A |901A |02A  |902A |03A |903A |[04A  [904A |05A  |905A
L1 235 287 3.8 209 22 33| -12.4| -27.8| -19.1 6.1
48| 142.2 4/ 745| 686 53.6| -124| -7.8 -23 -3
30.4| 743.3] 13.6/ 98.1] 449 653 -12.1 6| -27.5| 131
9.6 90.8 8.4 16| 14.9| 13.7| -11.6 8.3 -29.3] -16.6
458/ 76.1 175 60| 107.1] 85.1] -11.9| -6.8| -24.6 -71
L2 911} 775 17.6| 595 259 733 14| -154.1| 202| -780.7
825.4| 1200.8| 733.9| 995.4| 1242| 967.7| 13.9] -120.3] 193.7| -518.6
550/ 1083.9| 748.1] 938.9| 915|1146.5| 15.6] -57.6] 21.2| -451.2
472| 358.8| 461.1| 329.4| 468.7| 616.7| 16.3| -62.8| 211.5| -613.7
253.4| 835.5| 370.7| 863.8| 787.4|1420.5| 10.1] -90.1] 239| -788.6
L3| 57.3] 926 111 195 99.4| 101.4| -2.7| -154.1| 187.4| 204
657.7| 1577.1| 195.9| 1846.5| 2194.8| 2824.2] -0.1| -120.3| -3.6| -20.8
526.9| 1646.6| 362.2| 2258| 3395|3735.7 0.5 -57.6| -69.4| -12.7
522.41 1571.9| 346.3| 1458|2010.9|3035.9 23| -62.8| -111.4] -23.2
781.4| 489.5| 158.9| 6125 785.3| 877 42| -90.1] -178.5| -103.3
L4| 435 133.1] 114 10.1| 157 1279 -5.8| -21.6| -33.6 0.6
54.9| 319 83| 723 94.7| 18694 -5.8| -8.8| -56.2 0.7
31.9| 298.3| 14.4| 955 148.1| 2424 -6.2| -58| -63.2| -1.6
40| 120.6 93| 63.7| 833 1214 -6.7| -54| -481 -79
140.6| 88.8 0.6 269 635 357 -76| -7.8 -73.1| -154
LS 9.4 2.4 1.4 5.9 6 2.5 -5 24 -30 0
3.8 5.6 0.6 8.7 134 4.9 -5\  -0.3| -46.3] -0.3
2.1 0.2 3.6 6.6| 19.7 5.9 -5 0| -47.7] -0.2
0.1 161 0.4 02| 161 28| -49| -14| -442 11
99| 168 9 104 10 33 49| -24] -3715 2

Table 9. Student t-tests: Paired two PVC samples for averages (hypothesized mean

difference is null; 25 observations, degrees of freedom df = 24)

01A 901A 02A 902A 03A 903A 04A | 904A 05A 905A

Mean 209.24| 440.65| 140.48| 398.05| 506.10 630.14| -1.73] -42.15 3.54] -135.39
Variance 75622.31305497.1152968.91{409075.0|745510.7{1116490.0| 84.07|2685.14112177.7|68346.86
Pearson Correlation| 0.786 0.650 0.980 -0.694 -0.787

t Stat -3.070 -2.475 -2.281 3.452 1.957

p(T<=t) one-tail 0.003 0.010 0.016 0.001 0.031

t Critical one-tail 1.711

o(T<=t) two-tail 0.005 | | o002 | 0.03 | 0.002| | 0.062|

t Critical two-tail 2.064
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4.4. Relationship between charging and the roughness parameters

The relationship between the electric field and the roughness parameters was studied
using a global variable for the field, namely the sum of squares of the measured potential
values. The reason for using the square of the potential is to eliminate the sign. The variable
was computed summing over all points of the samples (denoted by index A) and over the

central columns C2, C3, C4 only (denoted by index C). The formal definitions are

) C5 5 ) c4 5
— 2 — E § 2
SUZ,A - Z . UCk,i ) SUZ,C - . UCk,i'
Cc1 =1 Cc2 =1

The squared values of the above, S, , and S ., were used to determine if there is a
relationship between this indicator of the charging and the roughness parameters R,, R,, and
R,. 1t was found that there are linear regressions between S, , and S;2 ., on one side, and
Ra, Rg, and Ry, on the other side, for the parallel direction of friction (see Fig. Al in the

Annex). The linear regression equations are

SuHZA = 54680R, — 4501.6, R* = 0.537,
— 2 _

SU“z'A = 37837R; — 4026.1, R* = 0.649,

SU||2A = 2485.2R, — 544.59, R* = 0.279.

The equations for . . are very similar, as the columns C1 and C5 have lower values of

potential. Interestingly, the regression lines for the normal friction direction are virtually

insignificant, with coefficients of determination less than R?* = 0.123 and with negative

slopes. For example, for R, the regression is SUHZ,A = —1243.7R, + 8657.2, R* = 0.123.
These results show that different tribocharged generation processes occur at higher friction
coefficients as found for the normal direction of friction and for large normal forces (10 N) as
used in the experiments. The stronger abrasion observed for the normal direction friction
might explain why the roughness indices are no more directly related to the potential values
obtained by tribocharging.

The strong differences in the linear regressions equations, including the respective
coefficients of determinations, are reinforcing the conclusion that direction-dependence is an

important aspect of tribocharging.
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5. Discussion and conclusions

The main hypothesis of this study was proved: A highly anisotropic triboelectric charging
effect is produced in samples of PVC slabs having surfaces with directional patterns during
back and forth movements in frictional conformal contact with ABS slabs, even if the latter
have isotropically patterned surfaces.

The anisotropy of the triboelectric effect was found to be mainly due to the anisotropy of
the friction (i.e., unequal friction coefficients along orthogonal directions, u, # y due to
anisotropically patterned surfaces). This purely-empirical qualitative explanation refers to the
macroscopic level. A quantitative analysis of the anisotropy of the triboelectric charging
effect can be done at microscopic level by taking into account the roughness indices that
characterize the surfaces in contact.

During the tests, wearing of the surfaces was noted. However, it has not modified the
main pattern of the surfaces, as shown by the 3D profiles displayed in Fig. 13 (before
friction) and Fig. 14 (after friction) and the roughness parameters given in Table 10. The
reduced wearing is explained by the similar values of the hardness of the surfaces; Vickers
hardness of PVC and ABS, as determined for the slabs used in the experiments, all were
roughly in the same interval (9 to 10 HV).

The correlations of the charging maps between different pairs of slabs indicate that the
triboelectric charging can be confidently used in industrial applications, where repeatability is
paramount. Better repeatability of the results can be obtained for friction in the normal
direction. This observation has implications in the use of the triboelectric effect in sensors. It
also suggests a solution for improving the design of the electrodes (i.e., the region of
triboelectric power collection) for triboelectric generators. However, the effect needs to be

further investigated.

mm 1

TF e e 250 im =

(@) (b)

Fig. 13. Example of 3D profile of a PVC sample, before friction.
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Fig. 14. The 3D profile of the same PVC sample after the friction test, with moderate

wearing.

Table. 10. Surface roughness parameters before and after friction (ISO 25178)

Parameter | Before [um] | After [um]
Sa 1.12 1.165

Sq 1.450 1.528

Sz 11.338 17.273

The anisotropy has implications on applications where the charging needs to be kept
consistent with the friction force, such as in sensors, and in applications where the efficiency
of the charge generation needs to be optimized. Reducing the charging induced by friction is
important in electronics manufacturing, as well as in chemical, petro-chemical, and textiles
industries. For uses in energy harvesters based on tribocharging, the materials and the friction

forces should be chosen so that wearing does not change the initial lay of the surfaces.

Further work should be done to study the anisotropy of the triboelectric charging of

polymers under friction with different normal forces.
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Annex 1

Table Al. Potential maps measured for PVC vs. ABS slabs

06MAPING D7MAPING DBMAPING

c1l c2 c3 c4 c5 cl c2 c3 c4 c5 cl c2 c3 c4 c5

-0.0004 +0.29830.0988 -0.0008}-0.0010-0.0361-0.6750}-0.02180.0378 -0.0115}-0.0203[-0.5919[0.1050 [0.1479 [-0.0071

-0.0042 -0.8359}1-1.5412}-0.0613[0.0094 [-0.0509(-0.1483[1.45010.1528(0.0364(0.0247[-0.2120f-1.00541-0.0797[-0.0020,

-0.0105 0.79241-0.9933}-0.1027(0.0189 -0.0013-0.0800f-1.0487[-0.1515[-0.0084/0.0023 [0.1644}1.1754}-0.0946/0.0085

-0.0178 +0.7526/-0.8908-0.0036/0.0190 [-0.05291-0.5524}1.0317}-0.1052-0.0397/0.0178 [-0.50241-1.8102}-0.08250.0500

-0.0397 0.0151 0.1852 [-0.0032[0.0000 [-0.0521-0.02970.2618 -0.0176[-0.0386[0.0229 10.0161 [0.8331/0.0052 0.1376

906MAPING PDO7MAPING POBMAPING_

cl c2 c3 c4 c5 cil c2 c3 c4 c5 cl c2 c3 c4 c5

-0.01124-0.6868/0.1355 [0.1982 }-0.0016/0.0006 [0.0730 [1.4528 10.0209 [0.0070 [0.0034 [-0.642900.0535 [0.5253 [0.0103

-0.00141-0.8872-2.1056-0.02251-0.0316[-0.0033-1.0218}-2.1864-0.3713[0.0007 [0.0389 [-0.5099}-3.1917/0.0596 [0.0007

-0.0348-0.6476[1.70541-0.1361}-0.00221-0.0243-0.25931.51510.2797-0.01960.0299}-0.4056}-2.7668-0.1533}-0.0127

-0.0478}-0.7090}-1.2646-0.0645[0.0164 [-0.0771-0.0725}3.02101-0.1145(-0.0287}-0.0501/0.9036 [-1.4670}0.1870/0.0086

-0.0302}-0.0208/0.2598 0.0794 [0.0942 |-0.0246[0.0512 [0.1709 [0.1357 -0.0055}0.0392/0.0038 [1.3608 [0.0197 [0.0260

Table A2. Evidencing of the triboelectrification differences between the parallel and
normal sliding directions for PVC vs. ABS using the method of the sum of squared potential
values (roughly, proportional with the energy of the electric fields)

06MAPING[07MAPING[08MAPING[906 MAPING [907MAPING[908MAPING
C1 -0.00041  |-0.03606  |-0.0203 -0.01117 0.000603 0.003375
-0.00422  |-0.05089  |-0.02468  |-0.00143 -0.00331 0.038852
-0.01048  |-0.00125 ]0.002338 |-0.03481 -0.02426 -0.02988
-0.01777  |-0.05289 10.017828 |-0.04781 -0.07714 -0.05006
-0.03973  |-0.05206  (0.0229 -0.0302 -0.02463 -0.03917
Cc2 -0.29828  |-0.67499  [-0.59189  |-0.68679 0.073007 -0.64287
-0.83587  |-0.14827  [-0.21202  |-0.88723 -1.02181 -0.50987
-0.79237  |-0.07998  [-0.16439  |-0.64759 -0.25928 -0.40559
-0.7526 -0.55238  [-0.50238  [-0.70901 -0.07253 0.903587
0.015087 |-0.02967  |0.016144  [-0.02081 0.051235 0.003791
C3 0.098772  [-0.02176  [0.104997 [0.135548 1.45275 0.053522
-1.54118  |-1.45006 |-1.00544  |-2.10559 -2.18642 -3.19173
-0.99332  |-1.04872  |-1.17542  |-1.70544 -1.51511 -2.76675

-0.89082  |-1.03171 |-1.81024  |-1.26455 -3.021 -1.46702
0.185219 10.261768 [-0.83306  [0.25977 0.170863 1.360847
C4 -0.00083  10.03779 0.147885 10.198249 0.020944 0.525284

-0.06132  [-0.15282  [-0.07971  |-0.02253 -0.37131 0.059628

-0.10268  [-0.15146  |-0.09461 |-0.13606 -0.27965 -0.15331
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-0.00364  [-0.10521  [-0.08248  |-0.06452 -0.11447 -0.187
-0.00322  [-0.01758 [0.005176 |0.079442 0.13568 0.01975
C5 -0.00102  [-0.01149 [-0.00714  |-0.00163 0.00698 0.01026
0.009369 |-0.03643 |-0.00196  [-0.03155 0.00069 -0.0007
0.018902 |-0.00842 10.008471 (-0.00222 -0.0196 -0.0127
0.018965 |-0.03966  ]0.050021 (0.016382 -0.0286 0.00863
0 -0.03864  10.137608  |0.094216 -0.0055 0.02597
SUMSQ for all columns C1-C5(6.198839  |5.19899 7.116893 |11.29179 19.7231 23.849
SUMSQ only for C2-C4 6.196011 5.184995 |7.09346 11.2771 19.71468 23.84153

Notice in Table A2 that an indicator for the equivalent of the energy of the field (the sum
of squared local potentials) is two to four times larger for the normal direction compared to
the parallel direction (6.19 vs. 11.29, 5.19 vs. 19.72, and 7.11 vs. 23.8). Also notice that the
central columns of the slabs carry almost all the electrical (tribocharging) energy, while the

external points have a negligible contribution.

Table. A3. Differences of the potentials created by parallel and orthogonal friction,

U, — U, for three samples

Sample Differences U, — U
5.2 -13.6 35.3 89.6 -11.8
94.2 375.4 919.4 264.1 1.8
01-901A 712.9 533.9 1119.7 266.4 1.9
81.2 -113.2 1049.5 80.6 16.2
-30.3 -582.1 -1270.9 -51.8 6.9
24.7 41.9 8.4 21.5 4.5
78.5 261.5 1650.6 80.6 9.3
02-902A 111.7 190.8 1895.8 81.1 10.2
24.4 -131.7 1111.7 54.4 -0.2
-42.5 -493.1 -453.6 -26.3 -19.4
-25.3 -99.2 2 112.2 -8.5
-15 -274.3 629.4 92.2 -18.3
03-903A 20.4 231.5 340.7 94.3 -25.6
28.6 148 1025 38.1 -18.9
22 -633.1 -91.7 27.8 -13.3
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Fig. Al. Linear regressions for the square root of the sum of squares of the potentials

versus the roughness indices.
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