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Abstract

A reciprocating tribometer has been modified with a high-impedance electronic measurement circuit for the purpose of addressing
the question of how tribology influences triboelectric charging. This measurement circuit allows for the accurate measurement
of potential difference, induced current, and total triboelectric charge generated within the tribometer contact. These electronic
properties can now be effectively compared with tribological parameters such as contact force, relative sample velocity, and fric-
tion coefficient (u) for varying contacts. In this study we present our apparatus, alongside our findings regarding the influence of
material wear mechanisms and friction on the accumulation and dissipation of triboelectric contact charges.

Keywords Triboelectric nanogenerator - Contact electrification - Polymer wear - Polymer tribology

1 Introduction

One particularly overlooked phenomenon in tribology is that
of frictional electrification—otherwise referred to as the tri-
boelectric effect, contact electrification, or triboelectric charg-
ing [1]. The triboelectric effect is described as the transfer of
electronic charge between two bodies in physical contact [1].
These bodies can take various forms in terms of state and com-
position, and examples of triboelectric charge transfer between
solids [2], liquids [3], and gases [4] are prominent in everyday
life. The effects of triboelectric charging are evident in a mul-
titude of engineering applications. The ‘clumping’ of phar-
maceutical powders in powder handling systems is attributed
to the triboelectric transfer of electrostatic charge between the
particles of powder and the surfaces they contact [5]. Fuel
transfer systems are also suitably grounded as a way of inhibit-
ing the triboelectric build-up of static charge within the fuel as
it flows across a particular substrate surface [6]. ‘Precipitation
static’ is also an important phenomenon to consider in aviation,
since static charges build up on aircraft fuselages as they con-
tact rain, snow, ice, or dust particles—via triboelectric charg-
ing [7]. Despite the implications of triboelectric charging in
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many engineering applications, the potential for it to be utilised
in the fields of energy recycling [8] and self-powered sensing
[9] highlights its importance in many potential scientific and
technological areas. Various forms of triboelectric nanogenera-
tor (TENG) have been proposed and developed as solutions
for converting otherwise wasted kinetic energy into electrical
energy [10]. TENGs achieve this form of energy harvesting via
the electrostatic induction of the charges which are generated
through triboelectric charging within the device [11].

Much research has been conducted on the construction of
TENG devices [12], as well as on the underlying mechanisms
of contact electrification [1], but the role of tribology in tri-
boelectric charging remains in need of further investigation.
The majority of current research into triboelectric charging is
conducted on contacts that involve zero lateral relative motion
[13], meaning that identifying the role of friction in triboelec-
tric charging remains a long-standing enigma. The longevity
of TENG devices is also rarely questioned in existing research,
which is a factor that should be considered in the context of
material wear in tribological contacts.

1.1 The Triboelectric Effect: An Overview of Current
Theory

The electron has previously been identified as the primary
charge carrier for triboelectric charging between solid sur-
faces [14], although mechanisms for ion transport have been
proposed for specific circumstances such as within corrosive
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environments [15]. Within this article, the term ‘triboelectric
charge transfer’ will be used to solely describe the transfer of
electrons via triboelectric charging unless otherwise stated.

An important prerequisite for triboelectric charge genera-
tion to occur between two bodies is having differing electronic
surface structures [14]. In the case of two contacting materials
with identical electronic surface structures, triboelectric trans-
fer will only occur as a way of redistributing any pre-existing
surface charges on either surface to attain an equilibrium state
[16]. The mechanism for triboelectric charge transfer is a ther-
modynamic process, where electrons travel from the highest
occupied energy states of one ‘donor’ surface into the lower
unoccupied states of the ‘acceptor’ counter-surface [17].

When two surfaces of differing electronic structures are
brought into contact, a contact potential difference (CPD) is
formed at the interface [4]. This CPD is proportional to the dif-
ference in energy between the aforementioned surface states,
as well as their respective state degeneracies [18]. The CPD
then drives the transfer of electrons, via mechanisms such as
quantum tunnelling, across the interface to restore local ther-
modynamic equilibrium. When conductive materials are in
contact, the difference between their respective work functions
is viewed as the driving force behind triboelectric charge trans-
fer [19]. The more complex case, considering insulating mate-
rials, is often simplified by assigning such insulating materials
with ‘effective’ work functions situated within their respec-
tive energy band gaps [20]. These effective work functions for
semi-conductors and insulating materials are often measured
using ultraviolet photoelectron spectroscopy (UVPES) [21]
or through kelvin probe force microscopy (KPFM) [22]. A
graphical representation of this electron transfer mechanism
is depicted in Fig. 1, stating the case for a conductor—insulator
contact and an insulator—insulator contact, respectively.

Once transferred across a contact interface, any electrons
transported to an insulating surface are assumed to become
isolated to their new surface state and form a quasi-capacitive

Fig.1 Depicting the transfer- (a)

ence of charge between a metal Donor (Conductor)
and an insulator (a), and the A

transference of charge between E

two insulators (b) in accordance
with molecular ion-state theory
[17]. The Fermi level and effec-
tive Fermi levels are denoted

by Ep, and Ep,, respectively.
Fermi—Dirac energy distribu-
tions are described by f,(E) and
state densities are described by
p,(E) with A and D denoting
acceptor and donator states,
respectively. Figure sourced
with permission from [23]
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layer [14]. Through this isolation of transferred charge, two
insulating surfaces in contact accumulate equal yet opposing
static charges. The polarity and magnitude of charge accumu-
lated on a surface via triboelectric charging is dependent on
its electronic structure relative to the counter-surface involved
[14] as well as the tribological parameters that describe the
form of contact.

1.2 Overview: Triboelectric Nanogenerators

Triboelectric nanogenerators (TENGs) are a group of devices
that were initially proposed in 2012 [10] as a solution for
recycling otherwise wasted mechanical energy into a useful
electro-motive force. The primary mechanism behind their
operation is the electrostatic induction of a conduction current,
driven by a time-varying electric field—commonly referred to
as a displacement current—that is generated through the rela-
tive movement of charges that are generated via triboelectric
charging [9]. A visual representation of this mechanism for
generating this time-varying potential difference and result-
ing current is shown in Fig. 2a and b, respectively. The high-
impedance nature of TENG devices means that they generally
produce electrical outputs that contrast with electromagnetic
generators, resulting in high voltages (up to the order of kV)
and low currents (often in the order of pA) [24]. The principle
of electrostatic induction allows for a great deal of flexibility in
terms of device construction and configuration and forms the
basis of our methodology for measuring triboelectric charge.
TENG devices utilise many forms of mechanical inter-
action [25], including but not limited to contact-separation,
lateral sliding [26], and the flowing of fluids across a sub-
strate surface [27]. It is therefore clear that tribology plays
a pivotal role in the operation of TENGs. Much research has
been conducted on TENG devices with a view to optimising
their performance and expanding their capabilities [12]. This
research also includes investigations into the fundamentals of
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Fig.2 Depicting the operation
of a TENG device which utilises
the reciprocating movement of
an insulating surface laterally
across two conductive counter-
surfaces (abbreviated as SF-
TENG) where the external cir-
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cuit is described as a having an
infinite resistance (open-circuit)
and b zero resistance (short-
circuit, right). Grey blocks
denote a conductive material

whereas red blocks denote an
electronegative insulator. ¢ A
graphical representation of how
a stereotypical DSF-TENG
electrical output would couple
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static contact electrification using atomic force microscopy,
and how parameters such as temperature affect this form of
triboelectric charging [1]. The role of tribology in the context
of TENG applications, however, is often overlooked.

The largest problem that remains in the field is the contri-
bution of dynamic friction to triboelectric charging. Previous
research has suggested that the mechanism for initiating triboe-
lectric charge transfer is highly dependent on electron—phonon
interactions within the donor surface [28]. Phonon packets are
also known to be produced by friction and other mechanical
interactions [29], but a theory as to how these two mecha-
nisms interact is yet to be proposed. The influence of local-
ised contact pressure on triboelectric charge transfer is also
in need of further discussion. Previous research has shown
that triboelectric charge transfer is only possible between two
strongly overlapping electron wave functions [14], meaning
that localised contact pressure may have a strong influence
on the amount of charge transferred between two contacting
asperities. Another problem that arises when tribology is con-
sidered is that of material wear. This is often seen as negligible
in TENG literature since most research has been conducted
on contact-separation based TENG devices where no sheer

stress is applied and under low nominal contact pressures [30].
However, with soft materials such as polymers seeing such
prominent use in TENG applications, it is difficult to prevent
even the smallest amount of material wear from interfering
with the triboelectric charge accumulation process.

The purpose of this study is to provide a means of tribo-
logical investigation, focussed on correlating tribological
parameters to triboelectric charge transfer. This will provide
an invaluable insight into the underlying mechanisms of tribo-
electric charging and how they scale to applications. In turn,
this insight may also provide ways to enhance and prolong
the performance of TENG devices. Replicating a triboelectric
nanogenerator within a tribometer environment is the most
logical approach towards achieving this understanding.

2 Apparatus and Methodology
A Bruker Universal Mechanical Tester TriboLab tribometer
(UMT) has been modified to accommodate various forms of

triboelectric nanogenerator. These modifications include new
insulating plate-on-plate sample holders, allowing for the
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geometry of TENG contacts to be replicated within the tri-
bometer, as well as the integration of two Keithley 6517B/E
electrometers into the data acquisition unit of the UMT for
high-impedance electronic measurements. A full schematic of
the UMT-TENG apparatus is given in Fig. 3a.

2.1 The UMT-TENG Contact

The specific device geometry being replicated for this study
is that of a dielectric sliding-freestanding-layer TENG (DSF-
TENG). This form of TENG contact comprises of an insu-
lating upper sample being reciprocated across the surface of
two conductive lower samples. This configuration of sliding-
mode TENG is the easiest to accommodate within a recip-
rocating tribometer as it allows for the consistent measure-
ment of friction under a constant applied load throughout the
full range of movement of the device. The two conducting
samples in this arrangement may also have a thin insulat-
ing coating, separating them from direct contact with the
insulating upper sample. A side-on visual representation of
a DSF-TENG contact is given in Fig. 2. The contact geom-
etry for the majority of previously tested TENG devices is
plate-on-plate, with contact sizes in the order of several cm?
[12]. This is to provide a large enough contact area for an
accurately measureable amount of charge to be generated for
most conventional material pairings, in the order or several
tens of nC.

Fig.3 a Schematic repre-

(@)

An insulating sample holder was additively manufactured
in an acrylonitrile-butadiene—styrene copolymer (ABS) to
accommodate the conductive elements of the DSF-TENG con-
tact without any leakage of charge to the surrounding environ-
ment. 3D representations of the DSF-TENG contact within
the UMT-TENG sample holders is given in Fig. 3. The upper
sample holder, machined from stainless steel, was designed
to attach to the UMT’s upper sample suspension and can also
accommodate insulated samples of varying sizes. An image of
this arrangement is given in Fig. 3b. The UMT-TENG appara-
tus also allows for the testing of other laterally sliding TENG
modes such as attached-electrode and single-electrode devices
[13]. Non-contact testing is also accommodated by this appara-
tus as a way of measuring the dissipation of electrostatic charge
from insulating surfaces.

2.2 Tribological Measurements

The reciprocating drive of the UMT was used to move the
lower conductive samples relative to the upper insulating sam-
ple and is shown in Fig. 3c. The mechanism controlling this
motion is a form of reverse-piston, where the rotational motion
of the UMT motor is translated to a reciprocating motion via
an adjustable piston rod. This gives the relative movement of
the samples a sinusoidal velocity profile, where the largest
velocities are observed in the middle of the stroke.
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TENG testing apparatus (left)

accompanied by a 3D model X!

sensor
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of the assembled UMT-TENG
contact itself (right). Elements
highlighted in blue represent
elements that constitute the
electronic measurement circuit,
whereas elements highlighted
in red contribute to tribological
measurements. b Photograph of
the UMT-TENG upper sample
holder assembly. ¢ Image of

the UMT’s reciprocating drive 2
module with the UMT-TENG
lower sample holder attached.
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A vertical force (F)) is applied to the UMT-TENG con-
tact as the upper sample is lowered via a screw-driven linear
actuator. As the upper and lower samples are moved relative
to each other by the reciprocating drive whilst in contact, fric-
tional resistance works to impede this movement. The friction
coefficient for a mechanical contact (u) is given as the force
imparted by friction (F,) divided by F,.

p= )

A two-dimensional force sensor connected to the upper
sample is used to measure both F, and F, during testing. A
suspension system is also affixed between the upper sample
and sensor to mitigate any acoustic vibrations and protect the
load cell from potential damage. The force sensor gives pre-
cise measurement of and control over the applied load with a
resolution of 2.5 mN. This allows for the correlation of friction
data with the electrical output of the contact. A linear variable
differential transformer (LVDT) sensor is also used to accu-
rately measure the relative position of the samples over time
(x(1)). This allows for the plotting of friction, output current,
and output voltage over both time and relative sample position.
Being able to plot the electrical output of the TENG contact
over relative sample position also allows for the influence of
system geometry to be investigated in greater detail and deter-
mine which existing models are able to predict TENG outputs
most accurately.

2.3 Electronic Measurement Circuit

Two Keithley 6517B/E electrometers were integrated with the
data acquisition unit of the UMT and attached to the conduc-
tive elements of the DSF-TENG contact within the tribometer.
These electrometers allow for the accurate measurement of the
outputs from high-impedance electronic applications such as
TENGs. Both electrometers are utilised in varying configura-
tions for the analysis of different UMT-TENG output char-
acteristics. Before fully describing the involvement of these
electrometers, a more detailed description of the DSF-TENG
contact within the UMT is required for clarity. When tribo-
electric charging occurs within a DSF-TENG contact, elec-
trostatic charges accumulate on the insulating surface within
the contact. These charges induce mirror charges within the
conductive counter-surfaces due to the Coulomb force. As the
upper sample is reciprocated across the two lower conductive
surfaces, these mirror charges move to match its location. If
the two lower samples are electronically connected with no
impedance, a ‘short-circuit’ current (/) would be measured
passing between them as the upper sample moves to repre-
sent the induced movement of mirror charges. The higher the
relative velocity of the upper and lower samples, the higher
this induced current. A visual representation of the case for

measurement of both y and Iy over time and relative sample
position is given in Fig. 2b.

If a voltmeter (theoretically, each with an infinite internal
resistance) is connected to each of the two lower samples, both
connected via a common ground, an oscillating ‘open-circuit’
voltage (V) would be measured as the difference between the
two voltmeter readings [31, 32]. This V5 would correlate with
the relative position of the upper and lower samples. Physically
the potential difference between the two lower samples would
reach a maximum when the upper sample reaches either end
of its stroke, as a result of the distance dependent electric field
(DDEF) produced by the trapped tribocharges on the insulator
surface [33]. An accurate depiction of both short-circuit and
open-circuit operating modes is given in Fig. 2. The charac-
teristics of both I and V. are influenced by the geometry of
the device, e.g. the lateral spacing of the lower samples. Both
electrometers are utilised simultaneously alongside a variable
resistor to accommodate electrical output testing with various
external impedances. The schematic for this circuit arrange-
ment is given in Fig. 4.

2.4 Sample Preparation

The geometry of the DSF-TENG contact requires one upper
insulating sample and two lower conductive samples for each
test. To avoid any complications in the modelling of this
device, the two lower samples for each test are composed of
the same conductive material. To maximise the efficiency
of the device whilst retaining a simple device construction,
the lateral length of the upper and lower samples should be
equal to the stroke length minus the lateral spacing between
the lower samples. This is in order to maximise the apparent
contact area between the upper and respective lower sample at
either end of the reciprocating stroke. The stroke length of the
UMT reciprocating drive is set at its maximum of 25 mm for
the purpose of UMT-TENG testing, and the lateral spacing is
kept to a relatively small 2 mm to maximise the apparent area
of contact within the apparatus. The widths of the upper and
lower samples perpendicular to the stroke length whilst paral-
lel to the plane of contact are 50 mm and 70 mm, respectively.
The higher width of the lower samples is purely to accommo-
date them within the clamping mechanism of the lower sample
holder. The lower conductive samples were cut from 2 mm thin
sheets of their respective metals. The thickness of the upper
samples is set at 25 mm for ease of construction and ease of
accommodation within the upper sample holder.

Three different polymers were used as material choices for
upper sample composition: Polytetrafluoroethylene (PTFE,
Teflon), Poly(hexamethylene adipamide) (PA66, Nylon 66),
and Polyoxymethylene (POM, Delrin). These three polymers
were chosen as they have seen prominent use in early TENG
contacts, owing to their differing molecular electronic struc-
tures [2]. Two different metals were also used as material
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Fig.4 Wiring schematic of the UMT-TENG apparatus set-up. Indi-
cating the exact connections used to integrate the Keithley 6517B
electrometers with the data acquisition unit of the UMT. Please note

choices for the lower samples: an Aluminium—Scandium
alloy, and Stainless Steel (UNS S31603). The work functions
of Aluminium and Stainless steel are given as 4.26 eV [34]
and 4.30 eV [35], respectively, which are both comparatively
lower than most metals. The mechanical properties of both
metals differ substantially, where stainless steels have a higher
density and higher mechanical moduli than aluminium alloys
[36]. The mechanical properties of all materials used in this
study are given in Table 1.

The polymer samples were also given differing surface tex-
ture parameters to investigate the influence of both material
composition and surface texture on triboelectric charge trans-
fer within a controlled environment. 180 grit silicon carbide
grinding pads were implemented to increase the mean arith-
metic roughness (R,) of some samples of each polymer. The
metal counter-surfaces and remaining polymer surfaces were

y v

B

eithley 6517B
lectrometer Back Panel

m X

BNC Cable

ruker UMT
riboLab Back Panel

_______________

g S S S S S S S U U — |
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that the BNC ports on the back panel of the UMT have been inter-
nally connected to pins 15 and 16 of junction 15 on the UMT data
acquisition unit

polished to a mirror-like texture using a diamond suspension
to minimise the influence of counter-surface topography and
to simplify any future modelling of the contact.

2.5 Testing Procedure

A series of reciprocating tests using the UMT-TENG apparatus
has been conducted to investigate the influence of sliding fric-
tion and material wear on triboelectric charging. Each test has
been designed to replicate the operation of a DSF-TENG con-
tact, consisting of differing material combinations and under
varying tribological parameters. Testing was conducted under
applied loads of both 5 N and 10 N to investigate the influence
of contact force on triboelectric charge transfer. The recipro-
cating stroke length was set to its maximum of 25 mm and a
reciprocating frequency of 2.5 Hz was used for tribological

Table 1 Mechanical properties for all sample materials used in UMT-TENG testing

Material Elastic modulus  Shear modulus (GPa) Hardness (Rockwell) Poisson’s Ratio Work function
(GPa) (eV)
Stainless Steel 193 [36] 77.2 [41] 79 (B) [41] 0.25 [36] 4.30 [35]
Aluminium 68.9 [37] 27 [43] 60 (B) [43] 0.33 [37] 4.26 [34]
Delrin 3.15% 0.915% 93 (R)* 0.37¢ -
Nylon 6-6 1.85% 1.15% 115 (R)?* 0.422 4.20[381°, 5.61 [391°
Teflon 0.575% 0.23% 54 (R)* 0.41% 5.80 [39]°

“Mechanical properties given by the distributer, Industrial Plastic Supplies 1td

b“Effective’ work function given to dielectrics, as quoted by the literature
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testing. A lower reciprocating frequency of 1 Hz was used for
an additional series of tests in order to more accurately illus-
trate into how friction response and electronic output changed
across the length of the stroke. These frequencies correlate to
maximum velocities of 0.17 and 0.42 ms~', respectively. The
testing procedure consisted of bringing the upper sample into
contact with one lower sample at the beginning of its stroke
until the desired contact force is reached. This amount of sta-
tionary contact time is kept at a constant 1 min for all tests as
a way of systematically mitigating the influence of any initial
stationary contact electrification when comparing test data.
The two lower samples are then reciprocated back and forth at
the desired frequency for 10 min, bringing each one into and
out of contact with the upper sample surface in an oscillating
fashion. The contact force is kept at a constant throughout this
stage of testing via the force tracking and feedback loop feature
of the UMT.

2.6 Data Analysis

Data from the 2D load cell, LVDT positional sensor, and both
electrometers are collected and recorded by the UMT’s in-
built data acquisition unit; which is capable of sampling data
from the five channels (x,F,F_.I, and V) simultaneously up to
a rate of 8 kHz. The resulting data are flagged for anomalies
and cleaned, using notch filters at 50 Hz and 70 Hz to remove
any external electrical and acoustic interference, respectively,
before analysis using a dedicated MATLAB program. This
program is also used to calculate both the energy dissipated
via friction per oscillation, and the accumulation of contact
charge, across the duration of a given test using the integration
methods described below.

Whilst the measurement circuit is capable of directly meas-
uring the induced flow of charge passing through it, measuring
the induced conduction current over time still allows for this
charge value to be calculated via integration over time. The
total amount of charge being accumulated on the insulating
surface across the duration of a test can be estimated by inte-
grating the current output for each half-oscillation over time,
as shown by Eq. (2). This indirect method of calculation is
more favourable for macroscale applications, as measuring the
contact charge directly via methods such as Kelvin probe force
microscopy (KPFM, [40]) are not perfectly in situ and remain
unscalable to the size of TENG applications.

d Int1
1= 2.0, = 1 -

A similar method can be used to calculate the energy dissi-
pated via friction for each forward and reverse stroke of the rel-
ative sample movement, which is a standard procedure for tri-
bological testing. Since the work imparted by a moving object
to overcome friction is treated as the integral of the resistive

frictional force over the distance travelled, we can define the
total energy dissipated via friction across this movement.

Wie = [ F (x)dx 3)

'X’l

A time-averaged value for friction coefficient is also cal-
culated for each forward and reverse stroke to give a clearer
view of how it evolves over the duration of contact testing. The
integrated nature of this value also corrects for any systematic
asymmetries or fluctuations across the length of the stroke.
This value is calculated as

S F (e

= 4
S F (e @

Hy

3 Results and Discussion
3.1 Friction Measurements

The UMT-TENG friction output gives an insight into the
tribological processes that occur within the UMT-TENG
contact. Under correct interpretation, it can be used to iden-
tify the physical processes that occur within the material
interface. In conjunction with the electrical output, these
data can also be used to detect the presence of transfer
films, third-body particles, and wear debris. The general-
ised form of friction response from the UMT-TENG contact
remains identical between all material pairings and tribo-
logical parameters, approximating that of a square wave
over time. The frequency of this wave matches that of the
relative reciprocating motion of the upper and lower sam-
ples and is also in phase with the relative velocity of the
upper and lower samples, as to be expected from a typi-
cal reciprocating tribometer output. A 3D depiction of the
cleaned data is presented in Fig. 5a, whilst Fig. 5b shows
the cleaned and raw data against sample position over a
single half-oscillation.

Due to the high apparent surface area plate-on-plate
nature of the UMT-TENG contact, artefacts of a high
stick—slip friction regime are seen at the beginning of each
stroke and reverse stroke. These artefacts take the form
of high frequency oscillations in F, and F,, as shown in
Fig. 5b, which are caused by acoustic vibrations occurring
within the contact. These vibrations are caused by a differ-
ence between the static and dynamic friction coefficients for
the contact, causing the surfaces to intermittently ‘stick’ to
and ‘slip’ across each other [41]. This difference is known
to be exhibited for almost all material pairings and mani-
fests itself as an energy barrier, which must first be over-
come if relative motion is to be initiated. Because of this
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energy barrier, the static friction coefficient for any contact
is normally higher than the dynamic friction coefficient for
the same contact. The previously described time-averaged
friction coefficient is shown to evolve over the duration of
every test, indicating that tribological mechanisms cause the
conditions within the contact to change dynamically over
time. The presence of different mechanisms are dependent
on the mechanical properties of both materials, as well as
the tribological parameters that describe the form of con-
tact. Comparisons of example friction responses from the
UMT-TENG apparatus are given in Fig. 6.

3.1.1 Influence of Polymer Composition

Upon comparing the friction response of the three differing
polymers, it becomes clear that they each exhibit unique tribo-
logical characteristics. The POM samples consistently exhib-
ited the highest friction coefficient throughout testing against
both stainless steel and aluminium counter-surfaces. The
friction response from the POM samples show an initial high
rise in friction coefficient, which gradually lessens in gradient
over time. The POM samples exhibited their lowest end-of-test
friction coefficient of 0.36 when polished and tested against
an aluminium counter-surface. The PA66 samples exhibit the
lowest friction coefficient for approximately the first minute
of testing against stainless steel counter-surfaces. This friction
response then gradually rises over the duration of each test up
to a value between the friction coefficients of POM and PTFE.
The POM samples exhibited their lowest end-of-test friction
coefficient of 0.26 when tested against an aluminium counter-
surface under an applied load of 5 N. The PTFE samples also
exhibit this initial rise in friction coefficient. This response

0.2
= 04
02
10 10
. 0
-10
Time (s) 0 X (mm)

Fig.5 a Cleaned friction coefficient against relative sample position
and time for a polished PTFE on PA66 film DSF-TENG contact. b
Cleaned (black) and raw (red) friction coefficient (u) against rela-
tive sample position (blue) over time for the same contact. Samples

@ Springer

generally peaks between the first 50 to 100 s of testing against
stainless steel counter-surfaces but then gradually lowers over
time and levels out to a value more consistent with existing
friction data for PTFE contacts [42]. This lowering of friction
coefficient over time may be attributed to the development of
a low-friction PTFE transfer film on the counter-surface. The
PTFE samples achieved the lowest friction coefficient of all
three polymers for the majority of testing conditions by the
end of each test. The lowest friction coefficient of 0.18 was
achieved by the polished PTFE samples against stainless steel
counter-surfaces under an applied load of 10 N.

3.1.2 Influence of Counter-Material

The mechanical properties of the counter-surface are shown
to have a strong influence on friction response. Figure 6a, c,
and e show the response of polymer samples tested against
the stainless steel counter-surfaces, whereas Fig. 6b, d, and
f show the response of samples tested against the aluminium
counter-surfaces. Testing against the softer aluminium counter-
surface yielded lower friction coefficients for POM and PA66
samples. The PTFE samples exhibited higher friction coef-
ficients overall against aluminium. They also lacked the initial
rise and fall in friction coefficient that is evident during the
initial stages of tests against stainless steel. Both these trends
in friction coefficient may be attributed to the relative softness
of the aluminium surface in comparison to the stainless steel.
The aluminium surface is more able to deform in response to
applied pressure and therefore would be less abrasive on the
polymer surfaces. This would ultimately lead to a lower fric-
tion coefficient for POM and PA66, but would slow down the
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were reciprocated at 1 Hz under an applied load of 40 N with a stroke
length of 25 mm and a 2 mm lateral spacing of the lower samples.
The apparent area of the contact is 23 mm by 50 mm.
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Fig.6 Friction coefficient over time for a polished polymers on pol-
ished stainless steel DSF-TENG contacts under an applied load of
5 N, b polished polymers on polished aluminium DSF-TENG con-
tacts under an applied load of 5 N, ¢ ground polymers on polished
stainless steel DSF-TENG contacts under an applied load of 5 N, d
ground polymers on polished aluminium DSF-TENG contacts under
an applied load of 5 N, e polished polymers on polished stainless

steel DSF-TENG contacts under an applied load of 10 N, f polished
polymers on polished aluminium DSF-TENG contacts under an
applied load of 10 N. Samples were reciprocated at 2.5 Hz with a
stroke length of 25 mm and a 2 mm lateral spacing of the lower sam-
ples. The apparent area of the contact is 23 mm by 50 mm when the
upper sample fully encompasses a lower sample
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process of PTFE transfer film formation since less material
would be removed from the PTFE surface.

3.1.3 Influence of Surface Roughness

Upon comparing the response of differing roughness param-
eters for otherwise identical polymers, it becomes clear that
the roughness of the polymer samples also influences the
friction response and how it evolves over time. Figure 6a and
b show the response of polished polymer samples under an
applied load of 5 N, whereas Fig. 6¢ and d show the response
of samples that had been ground using 180 grit SiC pads prior
to testing. For POM, the polished samples exhibited a higher
friction coefficient up to a value of 0.52 after 10 min of test-
ing, whereas the friction coefficient for the ground samples
after 10 min of testing was 0.47. This may be attributed to
an increased adhesion between the two more conformal sur-
faces. The polished PA66 samples generally exhibited a lower
friction coefficient than the ground ones across testing. The
ground, PA66 surfaces also exhibit an initial drop in friction
coefficient prior to this steady rise. This initial high friction
coefficient and subsequent drop is an indicator of abrasive
wear, as it truncates the surface profile of the PA66 samples to
one which conforms better to the harder metal counter-surface.
Both the polished and ground PTFE topographies peaked at
approximately the same time and friction coefficient. However,
the polished PTFE samples gave substantially lower and more
stable friction responses after this point, giving steady state y
values of ~0.18 as opposed to~0.27 for the ground samples.

3.1.4 Influence of Applied Load

Friction coefficients remained similar for most material pair-
ings under higher applied loads. Figure 6a and b, show the
response of polished polymer samples tested under an applied
load of 5 N, whereas Fig. 6e and f show the response of iden-
tical samples tested under an applied load of 10 N. The fric-
tion coefficients for the POM contacts reach similar values,
but reach those values at a faster rate, which is best shown
against the aluminium counter-surfaces. The PA66 samples
exhibited higher and less stable friction responses under the
higher applied load, with these instabilities in friction response
indicating the removal of material from the contact. The PTFE
samples reached a similar friction coefficient under higher
loads. Similarly to the POM samples, the PTFE samples
reached these values at a faster rate. In addition the charac-
teristic initial rise and fall in friction coefficient is lessened in
magnitude when tested under higher loads against the stainless
steel counter-surface.

@ Springer

3.1.5 Wear Analysis

An important factor to consider with regards to the applica-
tion and use of polymers within a tribological contact is that
polymers often exhibit low mechanical moduli [43]. This
in turn may lead to significant material wear within poly-
mer contacts, most notably against harder counter-surfaces
[44]. The unfortunate phenomenon that accompanies higher
applied loads in dry friction is an increase in these material
wear rates [45]. The polymer samples used in testing were
analysed using a using a Bruker NPFLEX white-light inter-
ferometer to accurately measure their roughness parameters
before and after tribological testing. These parameters were
measured from 3D surface topography maps taken across 3
separate 500 um by 500 um sample areas per sample surface
and are displayed in Table 2. Evidence of material removal is
evident on all post-tested polymer surfaces through distinct
changes in their topographies. Evidence of abrasive wear
along the axis of reciprocation is seen on the polished poly-
mer samples, leading to a significant increase in their mean
arithmetic roughness’s (R,). An example of these changes
in topography is given in Fig. 7a and b. The ground samples
exhibit lower rms slope (R,,) values after tribological test-
ing, despite similar R, values, which imply a profile trunca-
tion caused by the removal of asperities. Both PA66 and
POM are known to exhibit relatively high mechanical moduli
in comparison to PTFE [46] and thus exhibit less severe
signs of material wear.

The polymer samples were also analysed using attenu-
ated total reflection fourier-transform infrared spectroscopy
(ATR-FTIR) before and after tribological testing as a way of
gauging any potential changes in surface composition. The

Table 2 Surface topography parameters for all sample surfaces used
in UMT-TENG testing

Material R, (nm) Ry Ry Ry,
Stainless steel (polished) 11 0.008 -2.5 18.1
Aluminium (polished) 5 0.004 -33 55
Delrin (polished) 260 0.17 -0.6 3.7
Nylon 6-6 (polished) 290 0.17 -0.2 34
Teflon (polished) 170 0.09 -0.5 3.9
Delrin (180 grit) 1700 0.57 -0.7 4.3
Nylon 6-6 (180 grit) 1900 0.67 -03 44
Teflon (180 grit) 1500 0.48 0.1 3.1
Delrin (Polished, Worn) 2000 0.47 1.4 99
Nylon 6-6 (Polished, Worn) 1500 0.31 -1.9 11.4
Teflon (Polished, Worn) 1200 0.27 -1.2 5.4
Delrin (180 grit, worn) 3500 0.32 -04 2.1
Nylon 6-6 (180 grit, Worn) 2400 0.36 -1.2 6.9
Teflon (180 grit, Worn) 1300 0.38 0.6 4.4
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wear debris from any test that produced a sufficient amount
was also analysed in a similar fashion. The composition of
the aforementioned transfer films, generated by testing PTFE

Fig. 7 a Example topography
of unworn polished PTFE
sample. b Example topogra-
phy of worn PTFE sample. ¢
Example topography of PTFE
wear debris on a stainless steel
counter-surface after contact
testing against PTFE, meas-
ured using a Bruker NPFLEX
white-light interferometer. d
ATR-FTIR spectra of the PTFE
surface prior to testing (blue)
and the observed transfer film
(orange). e Example topography
of wear debris on an aluminium
counter-surface after contact
testing against POM, meas-
ured using a Bruker NPFLEX
white-light interferometer. f
ATR-FTIR spectra of the POM
surface prior to testing (blue)
and the observed wear debris
(orange). g Example topography
of embedded wear debris on a
PAG66 surface after contact test-
ing against Aluminium (Color
figure online).
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samples against both metal counter-surfaces, is confirmed to
be PTFE under FTIR analysis as shown in Fig. 7d. Wear debris
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counter-surfaces under an applied load of 10 N, but not against
stainless steel. The composition of this wear debris was also
different to that of POM, which is confirmed via ATR-FTIR
in Fig. 7f. One identifiable and prominent feature of this FTIR
spectra is a sharp peak at 1730 cm™!, indicating the presence
of ester groups within the wear debris [46]. The Nylon sam-
ples deposited very little wear debris onto any counter-surface,
however an amount of wear debris was instead observed to
become embedded into the Nylon surface under higher loads
as shown in Fig. 7g.

3.2 Electronic Output Measurements

3D depictions of a typical voltage and current response from
high and low-impedance UMT-TENG contact tests are,
respectively, given in Fig. 8a and b. Simultaneous measure-
ments of output voltage and current over a given external load

50
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Fig.8 a Output voltage against relative sample position and time for
a polished PTFE on PA66 film DSF-TENG contact under an external
resistance of approximately >2e'* Q (the input resistances of the two
6517B electrometers in series). b Output current against relative sam-
ple position and time for an identical contact under an external resist-
ance of < 1 Q (6517B connected as an ammeter with negligible volt-
age burden). ¢ Output voltage (blue) and current (black) over time for
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are also given in Fig. 8c and d. Upon Measurement of the
electronic output properties of the UMT-TENG contact under
open-circuit, short-circuit, and finite impedance measurement
modes, alternating voltage and current traces are observed.
Under high-impedance measurements (2 1 GS) the voltage
trace accurately reflects the movement of mirror charges across
the measurement circuit to correlate with the upper sample
position, as shown in Fig. 8a and c. The current trace at such
high impedances reflects the capacitive reactance of the TENG
device; being proportional to the time differential of the volt-
age trace and therefore dependant on the relative velocity of
the upper and lower samples, as shown in Fig. 8b and c. At
lower impedances (S 10 MQ) the device output is shown to
be ohmic, where the voltage trace is equal to the current trace
multiplied by the resistive impedance of the external meas-
urement circuit as shown in Fig. 8d. This confirms that the
measured current trace is the free movement of mirror charges
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an identical contact under an external resistance of 1 GQ. d Output
voltage (blue) and current (black) over time for an identical contact
under an external resistance of 10 MQ. Samples were reciprocated at
1 Hz under an applied load of 40 N with a stroke length of 25 mm
and a 2 mm lateral spacing of the lower samples. The apparent area of
the contact is 23 mm by 50 mm (Color figure online).
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between the lower samples to accommodate for the change in
local electric field, caused by the physical movement of the
charged upper sample surface. The magnitude and polarity of
the tribocharges on the upper sample surface also influence the
polarity and magnitude of the current output.

3.3 Contact Charge Accumulation

The current output from each forward and reverse stroke across
the duration of each test is integrated over time as described by
Eq. (2). This returns the total amount of charge that has passed
through the ammeter during each movement, and thus gives
an estimation of the total amount of tribocharges retained on
the polymer surface. Analysis of contact charge over time for
each material pairing firstly reveals its transient nature. An
initial stage of charge accumulation is shown to occur when
previously uncharged and dissimilar surfaces are brought into
contact. The exact formulation of how electrostatic charge
accumulates within tribological contacts is the subject of fur-
ther discussion. Previous research has concluded that an expo-
nential model for charge accumulation fits well for contacts
that have negligible changes in real contact area or pressure
[23]. The maximum charge density, as well as the rate at which
this charge accumulation occurs, is shown to be dependent on
both material pairing and contact topography. These relation-
ships are depicted in Fig. 9 in the same layout as previously
described for Fig. 6.

3.3.1 Influence of Polymer Composition

It is known that some polymers are known to generally accu-
mulate surface electrons when in contact with other materi-
als by having low-energy unoccupied molecular orbitals [18],
whereas some polymers generally donate electrons to their
respective counter-surfaces from high-energy occupied states
[47]. PTFE has seen much use as an electronegative material
choice in TENG contacts owing to its exceptional performance
as an electron acceptor [48]. PA66 and POM are two polymers
that have been proven in literature to donate electrons to most
counter-surfaces [2]. PA66 in particular has seen extensive
use in TENG contacts as an electropositive contact-surface
[49]. The PTFE surfaces all accumulated a negative charge
throughout the initial stages of contact testing, indicating the
acceptance of electrons from both the aluminium and stain-
less steel counter-surfaces as predicted. The POM and PA66
surfaces all accumulated a positive charge during the initial
stages of contact testing, indicating the donation of electrons
to both the aluminium and stainless steel counter-surfaces, also
in accordance with previous literature [2]. The POM samples
were shown to accumulate the highest magnitude of charge
against stainless steel counter-surfaces, whereas the PTFE
samples accumulated the highest magnitude of charge against
the aluminium counter-surfaces. These data indicate that the

work functions of both metal surfaces lie between the ‘effec-
tive’ work functions of PTFE and PA66 due to the polarity of
the charges being accumulated on the polymer surfaces.

3.3.2 Influence of Counter-Material

The composition of the conductive counter-surface was shown
to have an influence on the magnitude and polarity of charges
being transferred via triboelectric charging. Both the POM and
PA66 surfaces accumulated less charge against aluminium than
against stainless steel, whereas the PTFE surfaces accumulated
more charge against aluminium. The polished POM samples
are shown to accumulate a greater amount of charge than the
polished PA66 samples, whereas this is reversed when the
samples are tested against aluminium surfaces. This indicates
that the ‘effective’ work function for POM is lower than that
of PA66, meaning that the highest occupied molecular orbital
for POM is likely to be at a higher energy than that of PA66.
These data also indicate that the work function of the alumin-
ium counter-surfaces is lower than that of the stainless steel
counter-surfaces. Both metals are known to produce passive
oxide surface layers, in the order of several nm thick, due to the
high reactivity of their exposed metallic surfaces. The oxide
layers that form on stainless steel surfaces however are mostly
composed of iron oxides, molybdenum oxides and chromium
oxides due to the composition of the alloy [48, 49].

3.3.3 Influence of Surface Roughness

Previous research has suggested that increasing the real con-
tact area of a TENG contact increases the total surface area
through which triboelectric charging can occur [23]. Ulti-
mately this implies that two smooth and conformal surfaces
should accumulate a greater amount of charge via triboelec-
tric charging than two, otherwise identical, non-conformal
surfaces. The ground POM and PA66 surfaces are shown to
accumulate more charge against aluminium counter-surfaces
than their polished equivalents, which can also be said for
the PTFE samples being tested against stainless steel. How-
ever, for the remaining material pairings the ground surfaces
accumulated a greater charge than their polished counter-
parts. This implies that there are more complex processes
occurring within the TENG contact that affect triboelectric
charging.

3.3.4 Influence of Applied Load

Increasing the applied load to the UMT-TENG contact is
shown to increase both the rate of charge accumulation and
the saturation charge density within it for all material pair-
ings. Extensive tribological research has previously concluded
that increasing the applied load to a typical mechanical con-
tact increases the proportional area of real contact within the
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Fig.9 Contact charge over time for a polished polymers on polished
stainless steel DSF-TENG contacts under an applied load of 5 N, b
polished polymers on polished aluminium DSF-TENG contacts under
an applied load of 5 N, ¢ ground polymers on polished stainless steel
DSF-TENG contacts under an applied load of 5 N, d ground poly-
mers on polished aluminium DSF-TENG contacts under an applied
load of 5 N, e polished polymers on polished stainless steel DSF-
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TENG contacts under an applied load of 10 N, f polished polymers
on polished aluminium DSF-TENG contacts under an applied load of
10 N. Samples were reciprocated at 2.5 Hz with a stroke length of
25 mm and a 2 mm lateral spacing of the lower samples. The appar-
ent area of the contact is 23 mm by 50 mm when the upper sample
fully encompasses a lower sample
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apparent area of contact [50]. Whilst this increase in real con-
tact area may contribute to triboelectric charging, as explained
previously, it is also possible that the increase in energy dis-
sipated into the contact via friction may enhance triboelectric
charging through phonon-electron interactions [28].

3.4 Comparison of Tribological and Electronic
Measurement Results

The ability to simultaneously measure both the friction
response and electrical output of the UMT-TENG contact
gives an insight into how tribology influences triboelectric
charging within it. Contact testing reveals that the amount of
charge accumulated within the UMT-TENG contact, as well
as the rates at which this charge accumulates and dissipates, is
dependent on a multitude of tribological processes, in addition
to the difference in surface electronic structures.

For PTFE contacts, a maximum charge density is reached
within the first few minutes of contact testing. After this point,
the charge within the contact then begins to diminish. The data
presented in Figs. 6 and 9 indicate that the amount of electro-
static charge trapped within the contact diminishes in a similar
fashion to the friction coefficient over the duration of testing.
This reduction in contact charge could therefore attributed to
the PTFE transfer film formation within the contact. During
transfer film formation, PTFE wear particles are removed from
the bulk material and deposited on the counter-surface. Further
triboelectric charge transfer is inhibited in these areas due to
the contact potential difference between the PTFE surface and
the newly formed PTFE transfer film becoming substantially
smaller than the CPD between the PTFE and the previously
exposed counter-surface. Previously accumulated triboelectric
charges on the PTFE surface may also be removed through
contact with the PTFE transfer film on the counter-surface via
tribo ‘de-electrification’ between the similar materials [16].
The formation of PTFE transfer films is beneficial in some cir-
cumstances where a self-replenishing solid lubricant is needed.
PTFE transfer films in particular are known to lower the fric-
tion coefficient within contacts [40] by covering any asperities
to reduce abrasive wear, in addition to reducing adhesive forces
between the PTFE surface and the newly generated PTFE
counter-surface. This tribological behaviour can be explained
by the loosely bonded rod-like molecular structure of PTFE
[51]. This friction behaviour, explained by the development of
a low-friction transfer film, is seen to progress more expedi-
ently when tested against the harder stainless steel counter-sur-
face. This behaviour is also reflected in the electronic output,
where the contact charge diminishes more noticeably over time
against the stainless steel counter-surfaces. These data com-
bined indicate that a PTFE transfer film is slower to develop
across the aluminium counter-surfaces under the same contact
force and relative motion.

This similarity between friction coefficient and contact
charge continues for both POM and PA66 contacts, where
an increasing friction coefficient over time is followed by an
increase in contact charge. The exact underlying mechanisms
behind this relationship are in need of further investigation. It
is plausible that an increase in contact charge is caused by elec-
tron excitation, via phonons created by friction and material
deformation [28]. Research also suggests that ‘coulomb adhe-
sion’ caused by the electrostatic attraction of the charged con-
tacting surfaces may increase the friction coefficient between
them [52]. Abrupt reductions in contact charge are also occa-
sionally observed during contact testing, which coincide with
an associated change in friction coefficient. These combined
phenomena indicate the removal of charged material from the
contact. An example of this can be seen in Figs. 6a and 9a
where the PA66 sample exhibits an abrupt lowering of contact
charge associated with fluctuations in friction coefficient.

4 Summary

In this work, an effective methodology for investigating the
tribological properties of TENG devices is presented. This
methodology comprises of a reciprocating tribometer, modi-
fied to accommodate and test under varying tribological condi-
tions most laterally sliding TENG device constructions. Both
the friction response and electrical output are measured in situ
whilst the applied load and reciprocating frequency is con-
trolled. The apparatus is capable of testing under contact forces
between 0.5 and 50 N and at reciprocating frequencies of up to
10 Hz at a stroke length of 25 mm. The newly assembled elec-
tronic measurement circuit is capable of simultaneous voltage
and current measurements at varying external load resistances,
with a time resolution as low as 0.125 ms. Through the imple-
mentation of this methodology, the generation of electrostatic
charge within the TENG device is accurately measured in situ.

5 Conclusion
The following conclusions are drawn from this work:

e Tribology plays an important role in the triboelectric charg-
ing processes in TENG. In particular, we have shown that
friction coefficient and shear stresses are directly affecting
the charge transfer.

e Both surface electronic structure and contact topography
influence the rate at which triboelectric charge is generated
within a contact, as well as the maximum saturation charge
density of said contact.

e Increasing the applied load enhances the mechanism of
triboelectric charging, which could be attributed to the
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increased area of contact and/or increased shear stresses
within this area of contact.

e Tribological tests conclude that material wear plays a
significant part in the breakdown of accumulated charge
within a TENG contact. This mechanism is most promi-
nently exhibited by the formation of PTFE transfer films
when PTFE surfaces are tested against a harder counter-
surface.

e To the best of our knowledge, this is the first time that the
effect of material degradation on the TENG performance
is investigated. This highlights the needs for more compre-
hensive studies on the effect of wear of the performance
of TENG in order to be able to design, manufacture and
maintain durable TENGs.
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