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ABSTRACT

Triboelectric nanogenerators (TENGs) have attracted significant interest as the alternative source of
renewable energy. Their performance is believed to depend on the contact force, but its origin is yet
to be established. Herein, we show that the origin lies in the real contact area A,, probed with novel
experiments specifically designed for this purpose. The open circuit voltage V, ., short circuit current
I;. and A, for a TENG, having two nominally flat tribo-contact surfaces, were found to increase with
contact force/pressure. The A, is notably small at low pressures (0.25% at 16 kPa) that are typically
experienced in wearable applications. However, it increases 328 fold to as much as 82% when it
saturates beyond about 1.12 MPa pressure - achievable for impact with ocean waves. Critically, V.
and I, saturate at the same contact pressure as A, suggesting that electrical output follows the
evolution of the A,.. Assuming that tribo-charges can only transfer across the interface at areas of real
contact, it follows that an increasing A, with contact pressure should produce a corresponding
increase in the electrical output. These results underline the importance of accounting for real contact
area in TENG design to boost their performance, the distinction between real and nominal contact
area in tribo-charge density definition, and the possibility of using TENGs as a self-powered
pressure/load sensors. Crucially, the results indicate that the large contact pressures, readily available
in applications such as road-tyre contact and wave energy, alone could be enough to boost the

performance, thus avoiding the need for costly surface engineering to increase 4,
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1. Introduction
Triboelectric nanogenerators (TENGs) are newly emerging renewable energy harvesters that rely on

the triboelectric effect to convert mechanical energy to electrical energy. Repeated contact of surfaces
having different electron affinities result in repeated cycles of charge transfer, and repeated
generation of an electric field capable of driving an alternating current. Owning to their versatility,
TENGs have been proposed for harnessing energy from a wide variety of mechanical sources including
wave [1], wind [2], machine vibration [3] and human motion [4] for applications such as energy
autonomous wearables [5-8] and portable personal entertainment devices [9]. Their combination of
high efficiency at low frequency, light weight, portability, flexibility and low cost also make them
unique among electricity generators. These attributes have made TENGs one of the most promising
technologies for harnessing kinetic energy. However, one of the major limitations of TENGs has been
their low power output (usually <<500 W/m? [10]). This is notwithstanding the large number of devices
reported over last few years with the aim of boosting performance. Most of the focus has been on
optimising the material selections [11] and engineering the contact surfaces [12, 13] and most of the
work conducted to date has involved relatively low contact forces/pressures (such as with wearables).
Output performance depends on a number of factors: materials, contact force, surface topography,
frequency and separation distance. Surprisingly, the role of some of these aspects is still rather poorly
characterised and understood in TENG design. In this paper, we investigate why TENG output
increases with contact pressure. For the first time, we characterise both the electrical and contact
area response for a TENG based on random rough surfaces in the high contact pressure regime as well
as at low pressures. Surface roughness is known to effect aspects such as the frictional response of
surfaces [14], the failure behaviour of materials [15] or the contact stiffness of interfaces [16], but
here, we demonstrate how it governs the contact pressure versus electrical output of TENGs via its
influence on the real contact area. The results lead to interesting implications including the ability to
use large contact pressures to boost performance without the need for costly surface engineering.
Several suitable high-pressure application areas are proposed for incorporating this approach with
TENGs such as harnessing wheel-on-road contact for powering road infrastructure or vehicle

electronic systems and generating large scale electricity from wave energy.

TENG electrical output is observed to be contact force dependent and generally increases as the force
pressing the tribo-contact surfaces together increases [13, 17-22]. In few cases, the electrical output
(e.g. open circuit voltage) shows linear variation with force [18, 19] and in others a later-stage
saturation occurs at higher forces [13, 17, 20, 21]. What has not been clearly demonstrated, is the
mechanism responsible for the contact force dependence. Here, we propose an explanation and then

attempt to confirm this experimentally. Even the smoothest, nominally flat surfaces contain roughness



and we know from decades of research in the field of tribology that roughness gives rise to a force-
dependent real contact area A, [23, 24]. Generally, real contact area increases linearly with force at
first (for low forces) and subsequently saturates in a non-linear fashion (at higher forces) as it
approaches closer to the nominal contact area A4,,. Now, assuming charge transfer in TENGs can only
occur through areas of real contact, an increasing real contact area should generate an increasing total
tribo-charge at the TENG interface. Therefore, because real contact area increases with contact force,
so too should electrical output. Assuming that charge transfer is limited to areas of solid contact is a
well-founded expectation because recent work [25, 26] has shown that contact electrification (via
electron tunnelling) at an interface can only occur when the interatomic distance between atoms on
either surface is within the equilibrium bond length (i.e. within the interatomic repulsive regime). A
recent analytical model by the present authors in Xu et al. [27] has shown how accounting for a contact
force-dependent real contact area (arising from random surface roughness) produces the commonly
observed force-dependent TENG electrical performance, but this has yet to be explored
experimentally until the present paper. Yang et al. [28] modelled the effect of different patterned
surface types such as pyramids etc. (in contact with a flat surface) on the evolution of both contact
area and electrical output (and included the effect of adhesion). The results predicted that both area
and electrical output increase and later saturate as the surface pattern is flattened. Probably the most
relevant experimental contribution to the question was contributed by Seol et al. [13], where the
electrical output from a TENG interface consisting of a flat Ag surface in contact with a surface of PDMS
pyramids is reported. Typical increase in the open circuit voltage, with load, up to the point of
saturation was shown together with microscopic images of the PDMS pyramids in contact with a glass
slide which qualitatively indicated a corresponding growth in contact area (i.e. size of the square
contact patches). Interestingly, in a study on very similar patterned surfaces Seol et al. [22] identified
hysteresis in the electrical output versus contact pressure plots upon loading and unloading. However,
no quantitative experimental contact area measurements were plotted in any of these studies [13,
22, 28] and all are particular to idealised highly engineered (pyramid-on-flat) type contacts. Therefore,
the role of contact area still remains to be demonstrated experimentally via measurement and
calculation of real contact. Crucially, this kind of experimental study needs to be applied to the general
class of non-engineered nominally flat rough surfaces (i.e. all non-patterned surfaces). This paper
resolves this issue by accurately measuring both TENG electrical output and real contact area over a
wide range of contact pressures (from first touch to heavily loaded) for two nominally flat rough
surface tribo-contact pairs. All other parameters are fixed so that just the effect of the contact force
can be elucidated. Fabrication and experimental setup are described in Section 2, results are discussed

in Section 3 and key implications and applications of pressure dependence are addressed in Section 4.



2. Fabrication and Experiments
Device fabrication and surface characterisation is described in Section 2.1. Then two separate tests
are described: one to measure TENG electrical output versus contact force (Section 2.2) and one to

measure TENG real contact area versus contact force (Section 2.3).

2.1 TENG fabrication and surface characterisation
The device used for this study was a conductor-to-dielectric TENG in vertical contact separation mode.
Fig. 1 shows a schematic. The TENG tribo-contact layers were copper sheet (100% Cu, thickness 50
um) in contact with polyethylene terephthalate (PET) sheet (thickness 127 um). The PET is coated with
indium tin oxide (ITO) (resistivity 60 Q/sq, thickness 0.130 um, Sigma Aldrich, UK) to form the electrode
on the PET side. Device dimensions (active tribo-contact surface) were 2.5 cm x 2.5 cm. Since the study
is focused on the role of TENG real contact area, some additional measures were taken to ensure
uniform contact conformity between the upper and lower tribo-contact layers. The upper and lower
parts of the TENG were both fixed to optical glass plates (using double sided tape). Float glass plates
possess both low flatness and low surface roughness (<0.05 um). This measure is designed to eliminate
any unwanted perturbances arising from substrate roughness and facilitate parallel contact of the
tribo-layers. In addition, the lead wires were attached to the electrodes outside the active device area
to avoid a bulge affecting the contact area.

Optical Glass

cu

PET

I o

Fig. 1: Schematic of the contact separation mode TENG having copper (Cu) in contact with polyethylene terephthalate (PET).

The surface topography of both the Cu and PET surfaces was measured prior to testing (i.e. pristine
surfaces were measured). The Cu surface was scanned using an optical 3D surface profilometer
(Alicona InfiniteFocus) and the PET was scanned using an atomic force microscope (AFM) (Dimension
Icon, Bruker). The roughness scans for both Cu and PET are shown in Fig. 2 and Table 1 reports center-
line average roughness, Root Mean Square (RMS) roughness and RMS surface gradient (see Appendix
A for explanation of these parameters). Note that the Cu surface is nearly three orders of magnitude
rougher than the PET. PET film is transparent, and its root mean square (rms) roughness is in the nano-
scale. These two factors make it nearly impossible for the optical profiler to determine accurate

roughness measurements. Hence an AFM was used to measure the PET surface.
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Figure 2: TENG surface topography (a) Cu foil and (b) PET film. Note: the z-axis is in micrometer for Cu and nanometer for

PET due to the roughness difference.

Table 1: Areal surface topography parameters of TENG tribo-contact surfaces (see Appendix A for information on
parameters used).

Contact material Center line average (S,) RMS roughness (S,) RMS surface gradient
(pm) (um)
Cu foil 4.8 6.1 0.84
PET film 0.0067 0.0095 0.17

2.2 TENG Electrical measurements

The setup in Fig. 1 (TENG with glass backing plates) was then installed in a custom designed self-
aligning test rig as shown in Fig 3a. Fig 3b shows the key detail via a sectional view. The device in Fig
1. (TENG (1) with glass backing plates (2)) is attached to upper and lower smooth ground metal
platforms (3 and 4). Again, because our focus is on contact area, it is critical that the rig is designed to
enable parallel contact of the upper and lower TENG tribo-contact surfaces. Indeed, Hong et al. [29]
found that open circuit voltage dropped by nearly 75% in their study for a misalignment of only 1°. In
our rig, rotation of the upper platform (3) is fixed, but the lower platform (4) is free to rotate on a
spherical bearing ball (5). Prior to testing, a pre-load is applied to make contact and self-align the
surfaces. The alignment is then ‘locked-in’ by tightening the lock screws (6). Mechanical oscillation
was supplied at 0.5 Hz via a mechanical testing frame (Instron 3367, USA) for contact loads ranging
from 20 to 930 N. Note, a low operation frequency ensures the load cell can correctly resolve the peak
contact force. This is an important consideration since we are studying the effect of contact force. At
high frequencies, it would be important to ensure a given load cell and data acquisition system has
the temporal resolution to capture the peak contact force. A key element of the study to be able to
characterise the force-dependent response over a sufficiency wide range of applied forces:

specifically, from very low forces up to forces required for potential saturation of TENG electrical
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output. Therefore, for low forces (2 to 10 N), mechanical oscillation was supplied by an electrodynamic
shaker system (TIRA, TV 50018, Germany) with a 20 N load cell capacity. Separation distance was fixed
at 2 mm and the open circuit voltage was recorded by an oscilloscope (MSO-X 4154A, KEYSIGHT, USA).
The oscilloscope was connected with an operational amplifier and a voltage divider circuit (resistances
of 1G Q and 6G Q) to ensure that the impedance of the voltage meter setup was much larger than the
TENG internal impedance (See Fig. S1 for details). Details of the short circuit current measurement
approach are given in the Supporting Information (see Fig. S2). Both tribo-contact surfaces were
cleaned prior to testing (using acetone and isopropanol initially, then rinsing in RO water and finally
blow dried using a nitrogen gun). During the test, the contact load was progressively increased and,
at each load value, TENG open circuit voltage and short circuit current was measured after a TENG

operation period of 250 cycles in order to ensure equilibrium of tribo-charge generation.
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Fig. 3: TENG self-aligning test setup: (a) Photo of test rig in mechanical test machine and (b) Sectional view of the test rig.

The numbered parts are (1) TENG device (Cu and PET), (2) Glass plates, (3) Upper rig platform, (4) Lower rig platform, (5)

Spherical bearing ball and (6) Locking screws.

2.3 TENG Contact area measurements

Pressure sensitive film (SPF-A, Pressure Sensors Inc., USA) was used to determine the TENG real
contact area. The contact area measurement technique is outlined schematically in Fig. 4. The film is
placed between the TENG tribo-contact layers (Fig. 4a) and contact force is applied via the test rig (Fig.
4b). The pressure sensitive film consists of two PET layers: a donor layer and a receiver layer. Both
donor and receiver films where cut to 3 cm x 3 cm (larger than the 2.5 cm x 2.5 cm TENG area to avoid
edge effects). The donor film is coated with a thin layer of micro-capsules and a colour developing

layer is coated onto the receiver. Once the local contact pressure exceeds a threshold value, the micro-



capsules at these locations break and the capsuled ink transfers to the receiver surface where it reacts
with the developer layer to produce red spots in areas of contact (see Fig. 4c). A sample of a tested
film is shown in Fig. 4d. The lateral resolution of the measurement (2.6 um) is determined by the
capsule size (specifications for the pressure sensitive film are given in [30]). Following testing, the film
is scanned (with 1200 dpi resolution) to produce a digital image for analysis. A MATLAB code is then
used to threshold the image to generate binary images and the total area of contact is calculated. The
contact area test had to be carried out separately to the electrical measurement test (as the pressure
sensitive film will grossly alter the electrical properties of the device). The surfaces were cleaned and
aligned (for parallelism) prior to testing. Load was then increased monotonically up to the same load
points as for the electrical measurements (i.e. there is no oscillation in the contact area test). At each
load point, the pressure sensitive film is removed and a new one is inserted before proceeding to the

next load point.

Rig platform  Glass Cu PET (+ITO) Donor Receiver

Contact force Pressure sensitive Real contact area
film

TENG (Upper)\ / 1 /’/

Pressure sensitive film

———

TENG (Lower) — /
(a) (b) (c) (d)

lcm

Fig. 4: Real contact area measurement using pressure sensitive film: (a) Pressure sensitive film sandwiched between tribo-
layers, (b) Compression of layers under contact force, (c) Pressure sensitive film operation and (d) Sample tested film showing
areas of contact in red/pink.

3. Results: Electrical output and contact area

Fig. 5a plots the TENG open circuit voltage signals used for device characterisation. A signal is shown
for 12 contact forces between 20 and 930 N corresponding to nominal contact pressures of 32 to 1488
kPa. Note that, since the nominal contact area varies in the TENG literature, it is necessary to use
nominal contact pressure (i.e. force/nominal area) to enable comparison. For a given contact force,
the peak voltages in Fig. 5a are almost constant indicating equilibrium of TENG operation. The peak
positive voltages are then taken from Fig. 5a and plotted (together with short circuit current) against
contact pressure (and force) in Fig. 5b. In Fig. 5b, open circuit voltage increases with contact pressure
and the upper end of the pressure range here is also sufficient to saturate the open circuit voltage:
i.e. beyond about 1176 kPa (753 N), the voltage levels off at around 88 V. This is in-line with previous

studies [13, 17, 20, 21] who have noted a similar response. Fig. 5b also indicates a very similar response



for short circuit current. What has not, so far, been elucidated very clearly is exactly why electrical
output increases with contact pressure. To answer this question, we turn our attention to the real

contact area at the interface.

Contact force (N)
0 200 400 600 800 100100

C s z T 90
e C"%O 735 830930
80T 13a19s 250300499 ’ 85 los
) 60f =
% | } § = 10.6 =
Sp 40 | 0 T8
& ‘ s 75 —_
= 20 (i = -
§ ‘ " [ | \Q 10.4 g
o S > 2
I ."'vf ik f
_40 | H’l” m [ [ —e— Open circuit voltage 4().2
- ’ 65 e Short circuit current
—20- 1 1 1 1 1 L 1 L L
0 50 100 150 200 250 0 . 0.0
s = C 0 320 640 960 1280 1600
Time (s) Nominal contact pressure (kPa)
(a) (b)

Fig. 5: (a) Sample of TENG open circuit voltage signals for increasing contact force and (b) Peak open circuit voltage and peak
short circuit current versus nominal contact pressure (and force).

Fig. 6a shows a sample of the pressure sensitive film results for the 32 to 1488 kPa contact pressure
range. The images on the left are the as-scanned images with the pink spots representing real contact
at the TENG interface. The images on the right are the binary images with white representing real
contact. The total real contact area A,- is simply the sum of the white areas and the contact area ratio
is defined as (4, /A,) where 4,, is the nominal device contact area of 2.5 x 2.5 = 6.25 cm?. Note from
Fig. 6a that contact is spread relatively evenly over the nominal area and not biased towards any
particular edge or corner. This is a good indication that the careful measures taken to ensure
parallelism of the tribo-contact surfaces in Section 2 (i.e. glass backing plates and self-aligning contact)
have been successful. When the contact pressure is low (32 kPa case in Fig. 6a), only a few points
evenly distributed over the nominal contact area are found to be in solid contact. As the pressure is
increased, the area of solid contact grows. The pressure sensitive film result for the maximum contact
pressure case in Fig. 6a (1488 kPa) is notably different to the 32 kPa result — here a rather large amount
of area is in contact. The increase is quantified in Fig. 6b where contact area ratio is plotted against
contact pressure. Notice just how small the real contact area is at low contact pressures: at 32 kPa,
the contact area ratio is only 0.0029 (i.e. 0.29%) and, at 99 kPa, only 0.073 (i.e. 7.3%). This is important
to bear in mind when we consider that the vast majority of published work on TENGs has been carried
out at relatively low contact pressures. Table 2 compares the nominal contact pressure ranges used

across a representative selection of studies on contact-separation mode TENGs (with both engineered



and non-engineered surface topographies). All of the previous studies in Table 2 were conducted at
contact pressures below 200 kPa. This means that only the first two cases (32 & 99 kPa) in Fig. 6a are
within this range and we can see from the pressure sensitive film that contact is still rather sparse at
these pressures (for the material pair here). Indeed, many of the prevalent TENG applications are only
capable of applying very small contact pressures (normal pressures in worn clothing are generally less
than 10 kPa [31-33]) and, although reasonable to a tribologist, it is likely that the TENG community

will not have been aware of just how little true contact area is generated under these pressures.

In this work, we go beyond the 0-200 kPa range depicted in Table 2 and characterise performance up
to a contact pressure of 1488 kPa. To our knowledge, this is the first time a TENG has been
characterised over such a wide pressure range covering both low and high pressures. Referring back
to Fig. 6, we see that contact area grows approximately linearly in the lower pressure regime and then
tapers off at higher pressures. Beyond about 1176 kPa (735 N), the contact area ratio saturates at
about 0.82. This kind of general evolution of real contact area versus contact pressure has been well
observed in the tribology literature [23, 24] and results essentially from the inevitable presence of
roughness on even the smoothest fabricated surfaces (i.e. only the extreme peaks of the roughness
make contact at first, more peaks then come into contact as the contact pressure is increased until
the number of new contact patches and the real contact area saturates — see the roughness scans in
Fig. 2). However, what is particularly interesting here is the comparison of the contact area

measurement with the open circuit voltage and short circuit current measurement.
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Fig. 6: (a) Real contact area as detected by pressure sensitive film with increasing contact pressure showing as-scanned film
with pink indicating solid contact (left) and binarized image with white indicating solid contact (right) and (b) Contact area
ratio (4, /A,,) versus nominal contact pressure (and force). Note: the nominal contact patch size in (a) is 2.5 cm x 2.5 cm.



Table 2: Typical nominal contact pressures (force/area) used in TENG studies compared with the present work (final row).

Contact Materials Surface Contact force Nominal contact Nominal contact Ref.
topography (N) area (cm?) pressure (kPa)

PDMS & Al/Ag CNF Engineered 0.5to7 2.9 1.7t0 24 [17]

Ag & PDMS Engineered 4to 60 4.0 10to 150 [13,17]
Ag & PDMS Engineered 200 to 700 36.0 56 to 194 [19]
PTFE & C-PUF Engineered 1to 12 36.0 0.3t03.3 [20]

Cu & PDMS Engineered 18 to 90 9.0 20to 90 [21]

Al & PDMS Non-Engineered 40 to 220 25.0 16 to 88 [34]
Glass & PDMS Non-Engineered 10to 50 25.0 41020 [35]
PET & PDMS Non-Engineered 20 25.0 8 [36]

Pl & Nylon Non-Engineered 30 to 60 6.25 48 to 96 [37]

Al & PDMS Non-Engineered 20 to 40 2.25 8910178 [38]
PET & PDMS Non-Engineered 43t05.1 3.75 11to 13.6 [18]

Al & PVDF Non-Engineered 50 14.44 34.6 [39]

Cu & PET Non-Engineered 210930 6.25 3.2t0 1488 This work

Fig. 7a plots both open circuit voltage and contact area ratio against contact pressure in the same
graph. The max open circuit voltage increases from 14.9 V to 87.5 V as the contact area ratio increases
from 0.0025 to 0.82. What is particularly interesting are the similarities in form between the two
curves. In particular, both open circuit voltage and contact area ratio saturate at about the same value
of contact pressure (i.e. around 1176 kPa). A similar trend is seen in Fig. 7b for short circuit current.
This essentially suggests that the electrical output is governed by the real contact area. To gain an
insight into how this happens, we recall that the open circuit voltage V,. for the device (parallel plat
capacitor model) is given by:

Qrx(t)

V..=
o¢ Ango ,

ey

where, x(t) is separation distance, ¢, is the permittivity of air and A,, is the nominal contact area.
Now, since these parameters are constant in our experiment, we can conclude that the total tribo-
charge Q7 is likely increasing with contact pressure. Assuming tribo-charges can only transfer through
the real contact area A,, and defining o as the areal density of tribo-charge transfer through A4,, we

can write:

Qr = o74, (2)

Taking o7 as a constant for the material pair, Eqs (1) and (2) suggest why V. is dependent on real
contact area. The assumption that tribo-charges can only transfer at areas of real contact is reasonable
as it has been demonstrated in recent work [25, 26] that triboelectrification (via electron tunnelling)
requires the interatomic distance between atoms across an interface to be within the equilibrium
bond distance (i.e. within the repulsive regime). Also, because we are dealing with dielectric materials,
this charge should remain localised in the real contact areas. We established in Fig. 6 that real contact

area in the TENG is highly contact pressure dependent. Thus, taking these two pieces of information
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together, it should follow that total tribocharge, and hence TENG electrical output, should be
dependent on contact pressure via the real contact area. Indeed, as we have seen, the results in Fig.
7 strongly point in this direction as Vo and Isc appear to follow the evolution of real contact area with
pressure. Eq. 2, of course, assumes that tribocharges are uniformly distributed and constant over
areas of real contact. In fact, the distribution of charges within the real contact area is somewhat
unknown and requires significant further study. However, a constant tribocharge density has generally
been assumed in the literature and, in any case, even if it is not constant the g7 in Eq. 2 can be
considered as the net or equivalent value leading to the same total charge. The blue hatched regions
in Fig. 7 encompasses the pressure range (0 to 200 kPa) from previous literature as depicted in Table
2. We can see that a much wider pressure range has been investigated in the present work revealing
significant scope for increasing output at higher pressures. For example, at 200 kPa (the max pressure
in Table 2), the contact area ratio is still less than 0.2, but it reaches 0.82 beyond about 1168 kPa.
Note: we have observed gains of 5.8 and 4.9 for Voc and Isc, respectively as A, was increased from 0.25
to 82%. It is difficult to compare this directly with the effect of other TENG parameters due to the
variety of material pairs etc. used across the literature. However, to provide some indicative
perspective: It is less than the gains of 50 and 8.5 reported in [36] for Voc and /scas separation distance
was varied from 0.1 to 1 mm. On the other hand, the Voc gain of 5.8 is comparable with Voc gains of
2.6 to 8 reported with changes in tribo-layer thickness (0.02 to 2 mm) in [40, 41], while the Isc gain of
4.9 is of a similar order to Isc gains of 2.4 to 6 reported with change in frequency (0.5 to 5 Hz) in [36,
42]. A detailed parametric study would be required to determine a rank order of the sensitivity of

TENG output to the different parameters.
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Fig. 7: (a) Open circuit voltage and contact area ratio (4, /A,) versus nominal contact pressure and (b) Short circuit current

and contact area ratio (4,/A,) versus nominal contact pressure. The blue hatched regions represents the pressure range in
previous literature (as depicted in Table 2).
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To provide a visual demonstration of the effect of increasing the real contact area (via the contact
pressure), 21 LEDs forming the word ‘BEST’ were connected in series with the TENG as the power
source (Fig. 8b). Contact pressure was then increased in the same steps as before and LED
performance was imaged via a digital camera at each step. Fig. 8a illustrates how the LEDs get
progressively brighter as the contact pressure (and contact area ratio) increase. Contact pressure
increases the real contact area meaning that total charge can increase: this increases voltage and

current, and hence, the LEDs become progressively brighter until saturating at points 3 and 4 in Fig.

8a.

Contact force (N)

0 200 400 600 800 1000
— —T — T

1.0 21 LEDs in Series

Contact area ratio (4,./4,))

0 320 640 960 1280 1600
Nominal contact pressure (kPa)

(a) (b) .

8: (a) LED array performance versus nominal contact pressure and force (and contact area ratio) and (b) representative
energy harvesting circuit. The LED array represents the word “BEST” — the LEDs become progressively brighter as the contact
pressure (and contact area) is increased.

4. Implications and applications of pressure and area dependence
There are a number of important implications that follow from the idea that TENG electrical

performance is dependent on a contact pressure-dependent real contact area. The first is that device
designers need to carefully account for the real contact area dependence over the design range of
contact pressures envisaged for a given device: failure to account for this is likely to result in inaccurate
predictions of device performance. While the early TENG models [36, 43] did not account for contact
pressure dependence, a recent model by the present authors [27] accounts for the effect by including
the rough surface contact mechanics governing the behaviour in a unified TENG model. Material
properties, surface topography and contact pressure all influence the real contact area and the model
in Xu et al. [27] uses input from each to these to predict real contact area, and by extension, electrical

output.
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The continued boosting of TENG output at higher pressures characterised in the present work also
indicates possible new application areas for TENGs — what we might call ‘high pressure applications’.
In fact, there are a number of sources of high-pressure cyclic loading in the world around us. Table 3
summarises the typical contact pressures available with a selection of these sources. A particularly
suitable and abundant source is the vehicle wheel-on-surface interaction. For example, in trucks a
contact pressure in excess of 1700 kPa is available at the tyre-road interface (Table 3). Here, TENGs
positioned either in the tyre or on the road surface could be used to power a variety of sensors for
integration with either the truck’s electronic systems or the road infrastructure (e.g. traffic light
sensors, warning lights etc.). Similar possibilities occur with automobiles, locomotives and
construction & agriculture-based vehicles. Another suitable source is the repeating pressure available
from sea waves. Here TENGs can be adapted to take advantage of the higher pressures available for
the purpose of generating electricity. For example, pressures in excess of 100 kPa are available from
wave interaction with a stationary surface and pressures of almost 9000 kPa have been observed for

waves impacting a moving ship hull (Table 3).

Table 3: Typical contact pressures available in possible high load applications for TENGs.

High pressure application Contact pressure range Ref
Truck tire vs road 344 to 1723 kPa (range in central 8 cm) [44]
Locomotive wheel vs rail 700 to 1600 MPa (Peak), 117 to 1167 MPa (Mean) [45]
Automobile tire vs road 172 to 275 kPa (mean) [46]
Wave vs tilted slope (1:4) 50 kPa (mean pressure at max peak wave loading) [47]
Wave vs offshore vertical wall 110 kPa (mean pressure at max peak wave loading) [48]
Wave vs moving ship hull (‘slamming’) 2068 to 8963 kPa (mean pressure at peak wave loading) [49, 50]

Previous literature has focused on boosting TENG output by developing highly engineered surface
topographies. Indeed, the present work helps to explain why so many authors [12, 21, 39, 51-53] have
noted improvements in TENG performance based on modifications to surface topography —i.e. they
were most likely increasing the real contact area. An interesting point to add to this is that, achieving
a contact area ratio greater than unity is possible — imagine a hard-sawtooth type surface in contact
with a soft counter-surface. The sawtooth surface clearly has an area greater than the nominal area
and this can become the interfacial contact area when pressed into a sufficiently soft counter-surface.
However, the present paper demonstrates that we can also boost TENG performance with simple non-

engineered surfaces. In applications where sufficient pressure is available (Table 3), this is a far more
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cost-effective route. Where contact pressure is limited, softer materials can be easily be chosen so

that contact area saturation occurs at lower pressures.

Another important implication relates to the definition and measurement of tribo-charge density. The
fact that A, is generally less than A, (and especially so at low contact pressures) highlights an
important distinction between the tribo-charge density as defined in Eq. (2) (i.e. Q7/A,) and the
conventional definition as Q1 /A,,. It means that tribo-charge density defined as Q1 /A, cannot be
considered to be a fixed quantity (for a material pair), but will depend on the contact pressure and
even the surface roughness (via the Q1 generated by the real contact area which is both pressure and
roughness dependent). Therefore, there is a need for clarity in the measurement of tribo-charge
density essentially to account for the important distinction between the contact pressure dependent
A, and the nominal device area 4,,. Current literature does not account for this and there is, therefore,
a strong need for further research focused on the measurement of tribo-charge density. Another
important consideration here might be whether the interface materials are insulators or conductors.
While tribo-charges will remain localised at areas of solid contact for dielectric materials, tribo-charges
for a conductor (i.e. in a conductor-to-dielectric TENG) can be expected to distribute over the entire
nominal device area. Yet another consideration is how the distribution of real contact area effects
output — i.e. would identical real contact areas with differing spatial distribution produce similar

electrical output? This question also requires further attention.

Finally, the results demonstrated in Section 3 mean that TENGs can be used as effective load and
pressure sensors. A careful calibration of output voltage or current versus contact force (and operation
within the elastic regime) is essentially all that would be required for a TENG system to report loads
and/or pressures. Example applications include pressure/force measurement in vehicle weigh

stations, road tyres, shoes and at contact interfaces in vibrating machinery.

5. Conclusions

This paper has investigated the origin of the contact force-dependent performance of TENGs.
Experiments were carried out where open circuit voltage and short circuit current were measured
together with real contact area under increasing contact force/pressure with identical test conditions
for a TENG involving two nominally flat surfaces (PET and Cu) in contact separation mode. Digitised
pressure sensitive film was used to directly measure the real contact area —to the authors knowledge,
this is the first-time both real contact area and electrical output have been measured between two
nominally flat surfaces in a TENG device. Special precautions such as ultra-flat backing plates and a
self-alignment facility were shown to ensure the required contact conformity at the interface. Results

show that open circuit voltage, short circuit current and real contact area all increase with contact
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pressure. For low contact pressures, the amount of real contact area is tiny. For example, at 16 kPa
(10 N on 25 x 25 mm?) the percentage of real contact was only 0.25% of the active device area. Voltage,
current and contact area increase roughly linearly at first and later saturate to a converged value at
higher contact pressures. Real contact area at saturation (beyond about 1168 kPa) was about 82% -
this represents an enormous increase in contact area over the pressure range investigated. Critically,
both open circuit voltage and short circuit current saturated at almost the same contact pressure as
the real contact area suggesting that electrical output follows the evolution of the real contact area.
Recourse to simple TENG theory reveals that, since the key TENG parameters (maximum separation
distance, material properties etc.) where constant during the experiment, the total tribo-charge at the
interface must have been increasing with contact pressure. The most likely explanation; therefore, is
that tribo-charges require real (or solid) contact in order to transfer at an interface (a valid assumption
given that recent work [25, 26] suggests that triboelectrification can only occur for atom pairs within
the equilibrium interatomic bond distance). Therefore, an increasing total tribo-charge (and hence
electrical output) is to be expected if real contact area increases with contact pressure. The reason
why real contact area increases with contact pressure is simply because nominally flat surfaces,
however smooth, inevitably contain random multi-scale surface roughness and the mechanics of
rough surface contact essentially leads to a contact pressure-dependent contact area (see Xu et al.
[27]). Material properties, surface topography and contact pressure all influence the contact area

response.

There are several implications of these observations for TENGs. The first is that TENG designers will
need to account for pressure dependence over the design range of contact pressures experienced by
a device — otherwise predictions of output performance may be inaccurate. This is especially
important as most TENG devices operate in the low contact pressure regime where contact area (as
we see here) can be a surprisingly small fraction of the nominal area even for very smooth surfaces
(and is also very sensitive to contact pressure in this regime). The paper also essentially explains why
so many authors have been able to boost TENG performance by designing novel surface topographies
— in most instances, the increase in output is likely due to an increase in real contact area. The
distinction between real and nominal contact area leads to another important point relating to tribo-
charge density and its measurement. There now needs to be clarity on whether tribo-charge density
is calculated based on the real contact area or the nominal active device area and the approach needs
to be justifiable for a given application. Pressure-dependence also means that (after a simple
calibration) TENGs can be used as force and pressure sensors (e.g. pressure/force measurement in
vehicle weigh stations, road tyres, shoes or even at contact interfaces in vibrating machinery). Finally,

unlike in previous studies, the work characterises the increasing TENG output well into the high

15



contact pressure regime (up to 1488 kPa). This leads to the ability to use large contact pressures to
boost performance without the need for costly surface engineering. Several readily available high-
pressure application areas are proposed for incorporating this approach with TENGs such as
harnessing wheel-on-road contact for powering road infrastructure or vehicle electronic systems and

generating large scale electricity from wave energy.
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Appendix A: Surface Roughness Metrology

The definitions, as well as the computing methods, of the metrology parameters used in Table. 1 are
given here. All of these parameters are easily calculated from surface x, y, z data obtained from surface
profilometers at sufficient resolution.

The roughness height, h, is leveled so that mean(h) = 0.

e Center line average (CLA) S,:

Sa = /Th] = Z [
j=

l 1

e Root mean square (RMS) roughness S,:

Nx
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e RMS surface gradient S,:

A continuous form of RMS surface gradient is
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where the partial derivatives are calculated using central differential scheme:
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where A, and A,, are the sampling resolution in the x and y directions, respectively.
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