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Abstract: The charge generation between PTFE and Nylon
6,6 has been analyzed under different settings of tem-
perature, humidity and mechanical load. It is found
that the charging characteristics of the sample materi-
als in terms of the parameters investigated in this study
(e.g. temperature, relative humidity and applied force)
are linear. Furthermore, the experimental results show
that the proportionality factor between applied load
and maximum achievable surface charge is affected by
the sample temperature. As we show this fact is most
likely attributed to the strongly temperature-dependent
elastic properties of polymeric materials. The discover-
ies lead us to a mathematical formulation for the surface
charge density which allows the investigation of max-
imum charge density for every single operating point
within the parameter variation limits. The model para-
meter for two different structured material pairs are
obtained from measurements and applied to the math-
ematical formulation. The theoretical data demonstrates
that the proportionality factor between sample temper-
ature and surface charge is strongly affected by relative
humidity.
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Introduction – State of the Art
In the past few years triboelectric generators have become
a promising technology in mechanical to electrical energy
conversion (Wang 2013). Especially for energy harvesting
application, the triboelectric effect enables new applica-
tion scenarios and techniques (Ha et al. 2015). The tri-
boelectric effect describes charge segregation on the sur-
face of two different materials after coming into contact,
known also as electrostatic charging. After contact an
electrostatic attraction force acts between the oppositely
charged materials. Mechanical energy can be converted
into electricity when the attracted parts are displaced
by mechanical force. This principle is similar to electro-
static generators (Bright and Makin 1969) with the benefit
of a self charging character. Nevertheless the triboelec-
tric energy conversion mechanism prompts questions. In
particular, scientists are questioning the root of charge
separation (Lacks and Sankaran 2011). Additionally there
is always a desire to enhance the power output of energy
harvesting systems, and for triboelectric systems this can
be achieved either by optimizing design features (Tang
et al. 2014) or material properties (Chun et al. 2015). There
are two basic working modes of triboelectric generators
studied, the sliding and the contact mode. In slidingmode
the generators are designed for lateral relative motion as
rotors of wind or water turbines (Zhu et al. 2014) whereas
in contact-separation mode the parts are moved closer
and then separated in a linearmotion (Niu et al. 2013). The
charge density on the two surfaces is an important factor
that determines the performance of a triboelectric gen-
erator, but today’s modeling approaches for triboelectric
(nano-)generators consider only constant surface charges
and not the charging characteristics of the materials (Niu
and Wang 2015). Few publications are dedicated to the
charge generation mechanism on the surface between tri-
boelectric material pairs. As stated by Z. L. Wang (Wang
2014): “...the mechanism behind triboelectrification is still
being studied...”. Therefore it is necessary to broaden the
understanding of triboelectric charging such that there
may be better designed energy harvesting systems in the
future.
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One of the challenges in triboelectric research is the
large number of influential parameters on the surface
charge density and the interaction of those parameters,
causing many researchers to debate on the exact mech-
anism. The charge transfer might be caused by thermo-
dynamic, chemical or physical effects (Galembeck et al.
2014). However the contribution of temperature and rel-
ative humidity to charge separation has been proved
experimentally (Greason 2000). It was also found that
another important parameter is the surface roughness,
explaining why a current method to maximize the surface
charge is micro and nano structuring of materials (Lee
et al. 2013). An applied load leads to deformation of a sur-
face and a change of the contact area, therefore another
important parameter is the contact force between the
materials (Liu, Oxenham, and Seyam 2013). Unlike pre-
vious publications we are also considering the Young’s
modulus as a crucial factor since it defines the relation-
ship between force and deformation. Previous studies of
triboelectric charging were limited to the variation of one
or two of those parameters at a time and their results are at
times contradictory, see Table 3. The relatively large num-
ber of parameters makes more exhaustive studies infeas-
ible and is the reason why interactions of parameter vari-
ations are often overlooked. In this paper, we are studying
the influence of the previously mentioned parameters on
surface charge density all at the same time. This holistic
approach provides new insights about the triboelectric
charging mechanism between PTFE and Nylon, showing
previously unknown correlation between surface rough-
ness and the impact of temperature respectively humidity
to charge generation. However this theory is based on
an interpolation of our measurements and thus should
be assumed under reservation. Still this hypothesis gives
new impulses for the triboelectric research. Compared to
different studies in Table 3 it is evident that we were
able to gather useful data and broaden the knowledge
of charge generation on the PTFE/Nylon interface layer.
For future researchers this will enable the development
of a holistic modeling approach for triboelectric energy
harvesting systems including mechanical, electrical and
material properties. Specifically, this will help in:
– developing materials with optimized properties
– designing of more efficient triboelectric energy har-

vesting devices embedded into given mechanical
structures

– optimizing the geometry and electrical properties for
quasi-static or resonant working regimes

Theory and Model of Triboelectric
Energy Generators
For a general understanding of the triboelectric energy
harvesting mechanism we are breaking down the com-
plex system into a triboelectric and an electrostatic sub-
system. These two subsystems are assigned to different
roles, namely charging and energy converting. In cur-
rent applications the standalone triboelectric effect does
not generate any utilizable electric energy – only the
electrostatic effect completes the system successfully and
makes it a working energy converter. Therefore it must be
said that the terminology triboelectric energy harvesting is
misleading and aggravates the vision of the mechanism
for third parties.

For illustrative purposes the triboelectric energy con-
version can be compared to a hydrostatic analogue as
shown in Figure 2: Let’s assume a rubber balloon is con-
nected to a vertical pipe where inside the pipe there is a
turbine which is able to convert a fluid stream into elec-
tricity. Now the balloon is getting filled with a defined
volume of fluid (here: fluid =̂ charge) and the fluid streams
though the pipe until a steady state condition between the
hydrostatic head and the pressure of the balloon walls is
reached. Energy can only be extracted from the turbines
rotation as long as it gets propelled by the fluid stream.
An alternating volume change of the balloon affects the
hydrostatic head rising and falling which drives the tur-
bine inside the pipe (volume change =̂ electrostatic effect).
In this analogy the triboelectric charge defines the volume
of fluid and the electrostatic effect the volume change. We
can state that the triboelectric effect is an essential pre-
condition for the energy conversion, however the electro-
static effect is the real driving mechanism of an electrical
AC-current. Figure 1 shows the triboelectric/electrostatic
dual-system as a black box model resulting from this the-
oretical formulation. The output variable is the electrical
power and the input variables are the mechanical excita-
tion together withmaterial properties.Within the system’s
boundaries there is the triboelectric charging mechanism
and the electrostatic effect and thus the efficiency of the
entire system is closely tied to both the surface charge
density and the capability of the electrostatic system to
convert energy. The two critical factors for a high power
output triboelectric generator are a well designed electro-
static energy converter and a maximized surface charge
density.
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Figure 1: Black box model of the triboelectric generator.
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Figure 2: Analogy of the triboelectric energy harvesting mechanism.

Electrostatic Energy Conversion

The goal of this section is to show that the surface charge
is the crucial factor in triboelectric energy conversion.
Therefor it is looked at the electrostatic subsystem first.
An electrostatic energy converter for linear motion can be
simplified as a series connection of capacitors as shown
in Figure 3. The air gap capacitance C(x) is variable while
CPTFE and CNylon are given by the converters geometry
and material properties. The surface charge is assigned
to Qn (surface charge density multiplied by contact area)
and the electric load is assigned to Z. Once the air gap x
increases the variable capacitance C(x) decreases:

C(x) = %0
A
x

(1)

Here %0 is the dielectric constant in air and A the cross
section area of the converter. Since the surface charge Qn
is constant (between contacts) there is a rising voltage
V(x) across the air gap capacitance according to

Figure 3: Electrostatic Energy Converter for linear motion.

V(x) =
Qn
C(x)

. (2)

Corresponding to Kirchhoff’s circuit laws the directed sum
of all voltages around the closed network in Figure 3) is
equal to zero. Therefore the rising voltage V(x) affects a
charge flow q̇ inside the circuit. As a result the chargeQ(x)
is transfered from the backside electrode of one material
to another (here PTFE and Nylon).

There is always an electrostatic attractive force act-
ing between two oppositely charged objects. The electric
field E is assumed to be homogeneous for small displace-
ments (compared to the object’s surface area). Thus a
linear equation describes the attractive force as

Fatt = QnE. (3)

After applying eq. (1)–(2) and the definition of a homogen-
eous electric field (E = V

x ) on eq. (3), the definition of the
electrostatic force acting at an triboelectric contact mode
energy converter results in

Fatt =
Q2
n

%0A
. (4)

Equation 4 shows that the attraction force is only depend-
ent on the surface charge and not on the separation
distance. The total amount of converted energy depends
strongly on the mechanical force brought into the system
to compensate for this attraction. A higher surface charge
increases energy conversion. For a charge constrained
cycle (which is the case here between contacts) the con-
verted energy can be expressed as (Boisseau, Despesse,
and Seddik 2012)

Econv =
1
2
Q2
n

(
1

Cmin
–

1
Cmax

)
. (5)

Assuming that the displacement xmin during contact is
nearly zero and applying eq. (1) the expression can be
simplified to

Econv =
1
2
Q2
n

(
1

Cmin

)
=
1
2
Q2
n

(
xmax
%0A

)
. (6)

As eq. (6) shows the amount of converted energy grows
with the maximum displacement xmax and is even quad-
ratic to the surface charge. In terms of a real life energy
harvesting application, a high power output is desired.
A maximum output power can only be reached when
the load impedance Z matches the internal impedance
of the converter. Here the internal impedance is a series
connection of three capacitors. In the case of a sinus-
oidal displacement x, the optimum load impedance is the
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conjugate complex value of the internal impedance:

Zopt =
j9
Cavg

(7)

Here 9 is the angular frequency of the displacement and
Cavg is the average capacitance over a cycle. The electric
output power P is then given as

P =
∂E
∂t

=
1
2
Q2
n

(
ẋ
%0A

)
. (8)

Equations (6) and (8) prove energy generation and power
output grow significantly when the surface charge is
enhanced. It can also be seen that the output power
for the quasi static consideration is dependent on the
moving velocity ẋ, however an energy harvesting device
is usually mounted to a dynamic mechanical structure.
When this is the case the mechanical parameters of the
energy harvester system (mass of plates, stiffness and
damping of the mounting) can be fit into eq. (8) (Roundy,
Wright, and Rabaey 2004). This allows one to estimate
the performance of the electrostatic converter under
dynamic conditions as well. It results therefrom that the
highest power output is achieved when the excitation
frequency exactly matches the resonance frequency of
the system (Kim, Tadesse, and Priya 2009). This is valid
for a linear non-impact type triboelectric device assuming
that contact of the materials between the cycles can be
ignored. But when the excitation force is high enough
and therefore the velocity of the moving plate right
before the contact is not equal to zero the mathematical
formulation of the system becomes more complex. For
this non-linear case there is no solution given here, but
methods and techniques for characterization of non-
linear systems can be found in different literature e.g.
(Meirovitch 1970).

Triboelectric Charging

Scientist have dealt with the triboelectric charging phe-
nomena for at least 100 years (Shaw 1917). There have
been efforts to bring materials in ascending order in terms
of the direction of charge transfer as far back as the eight-
eenth century. Arising from these experiments, the tribo-
electric series according to Figure 4 has been put forward.
Still the mechanisms behind triboelectric charging of
insulators is not understood exactly, whereas the contact
charging of metals seems to be understood quite well1.

1 work function theory (Greason 2000).
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Figure 4: Example of a triboelectric series. A material from the
positive side contacted with a material from the negative side will
charge positively. Adapted from Lacks and Sankaran (2011).

For insulating materials there exist different theories, an
objective overview of the most common theories for tribo-
electric charging can be found in review papers e.g. (Lacks
and Sankaran 2011). However, the physical phenomenon
that is causing charge transfer between materials shall
not be the subject of the present investigation. Although
all of the theories can explain charge separation, none of
them can give a quantitative estimation of surface charge
depending on parameters such as humidity, temperature,
contact force and roughness. Experiments show that these
parameters definitely affect triboelectric charging.

It is observed that the surface charge density of tri-
boelectric materials reaches a saturation level after sev-
eral contacts (Greason 2000). Water and temperature are
attributed to have a key role in surface charge satura-
tion levels since they increase conductivity and therewith
the surface charge leakage. However, it is debated how
strong of an impact these two parameters have on tribo-
electric charging (Liu, Oxenham, and Seyam 2013). On the
other hand surface roughness and contact force are said
to increase the magnitude of surface charge when they
are increased. The explanation for this lies in the mater-
ial transfer theory and the mechanochemical theory of
triboelectric charging. These theories refer to a transfer
of material patches and particles between the different
materials caused by stress. The stress increases eitherwith
a higher compressive load between the contact partners
or with the surface roughness. Knowing this, it is interest-
ing to find out how different combinations of temperature
and compression load affect the surface charge as it is
known that polymeric materials change their mechanical
properties with temperature. Therefore we are investigat-
ing the surface charge of a selected material combination
depending on temperature, humidity, Young’s modulus
and roughness. The goal is to give amathematical descrip-
tion that decrypts the interaction of all those parameters.
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Materials and Methods
In our everyday lives we are surrounded by several syn-
thetic polymers. This is especially true because scientist
have learned to systematically control a polymer’s beha-
vior in terms of its chemical and physical nature (Peacock
and Andrew 2006). Concerning triboelectric energy har-
vesting, this is an interesting aspect since materials can
be designed in order to produce maximum triboelectric
charge, which is important for the performance of a tribo-
electric energy harvesting device as shown in Section 2. In
this study we choose Polytetrafluoroethylene (PTFE) and
Nylon for the experiments. As Figure 4 shows, the materi-
als are classified far on the opposite sides of the triboelec-
tric series and thus the triboelectric charging between the
materials is expected to be very high.

Characterization of the Materials

The materials were obtained from McMaster-Carr as raw
sheets in two different thicknesses. The samples were
laser-cut into circles of 30 mm diameter. A layer of Ni
and Au was deposited by PVD on one side of the samples
as shown in Figure 5. Usually PTFE has a slippery and
non sticking surface, which is why single sided adhesive-
ready PTFE sheets were used here. Depending on the

b)

c)

oscilloscope

power supply
charge amplifier

UTM with displacement laserscan

a)

Figure 5: (a) Experimental set up, (b) metalized backside of the
samples, (c) front side of PTFE sample (attached to a slider).

materials thickness, the samples show a different sur-
face topography. As a first step the surface roughness of
the samples was characterized and the arithmetic average
Ra of surface roughness was calculated; see Table 1. For
the experiments, two different thicknesses of each of the
two materials were used. Only the corresponding thick-
nesses were contacted (thin-thin and thick-thick). The
topography was characterized with a contact profilometer
(stylus radius of 12.5 µm). Figure 6 shows the results of
the profilomentry measurements along one direction over
a distance of 5 mm. From this measurements the resulting
amplitude parameter Ra was calculated. Ra is a com-
mon parameter to describe the variations in the height of
the surface relative to a reference plane (Bhushan 2000).
However different structured materials can have the same
Ra values so this is not sufficient for a complete character-
ization of a surface. That is why the amplitude probability
distribution and the Fourier transform of the measure-
ments are also given in Figure 6. From these graphs the
variance in surface roughness can be analyzed, which
shows that the surface of the Nylon samples is more ran-
domly structured while PTFE is systematically structured.
The exact capacitance of PTFE and Nylon is essential
for the calculation of the surface charge in the following
section. The series capacitance of the samples was meas-
ured under light compression for different temperature
settings with a HP 4192A LF impedance analyzer. Over a
range of temperatures, polymers show a massive change
in their physical properties which is known as the glass-
transition. Glass-transition denotes the reversible change
in stiffness of amorphousmaterials from a hard and brittle
state into a soft state, therefore a temperature change will
affect the deformation on the surface of materials under
compression. A possible consequence is a change of real
contact area and therewith a change in triboelectric char-
ging characteristics. From literature it is known that Nylon
and PTFE have a significant drop of the Young’s modulus
curve somewhere in a temperature range between 20°C
and 60°C (Calleja et al. 2013; Rae 2004; Evstatiev 1997).

Table 1: Sample characteristics.

Nylon PTFE
No. 1 No. 2 No. 1 No. 2

Ra [µm] 0.06 0.12 0.67 8.49
thickness [mm] 1.62 2.36 1.59 2.42
diameter [mm] 30 30 30 30

temperature and rel. humidity [°C and %] 9/60 25/50 45/17
series capacitance (PTFE/Nylon) No. 1 [pF] 4.8 5.4 6
series capacitance (PTFE/Nylon) No. 2 [pF] 4.6 4.9 5.5
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Figure 6: Surface topography of samples. Measured with a contact profilometer (12.5 µm tip radius). Top: stylus displacement over a 5 mm
measuring distance. Middle: amplitude probability distribution. Bottom: Fourier transform of surface roughness measurement.

Therefore a dynamic mechanical analysis (DMA) was per-
formed on the sample materials. The result is shown in
Figure 7. At the three specific temperature settings the
storage modulus E’ is highlighted by dotted lines.

Experimental Setup

The samples were compressed and separated on a uni-
versal testing machine (UTM) by Lloyd Instruments,
which provides a force measurement up to 500 N in
the direction of movement and has a laser displacement
sensor. Additionally the machine is equipped with a con-
trollable temperature chamber as Figure 5 shows. The
chamber can be heated up by thermoelectric elements
and cooled down by liquid nitrogen inflow. All samples
were bonded to 3-D printed slides that fit onto two com-
pression plates. The lateral movement of the compression
plates is avoided as they were guided by three metal rods.
The relative displacement of the plates and the charge
transfer between the sample electrodes were tracked sim-
ultaneously with an oscilloscope from which the surface
charge was later calculated.

Figure 7: Storage modulus E’ from a low-constant-frequency
temperature-sweep DMA.

The surface charge measurement was implemented by
connecting a charge amplifier to the circuit instead of an
electric load according to Figure 8. A charge amplifier acts
as a current integrator and produces a voltage output Ua
proportional to the integrated value of the input current q̇.
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Figure 8: Realization of surface charge measurement with a charge amplifier circuit.

This principle is widely used for amplification of signals
from piezoelectric sensors and photo-diodes. The charge
amplifier will balance the charge Q(x) injected into the
negative input by charging the feedback capacitor Cf. The
resistor Rf bleeds the charge off capacitor Cf at a low rate
to prevent the amplifier from drifting into saturation. The
value of Rf and Cf sets the low cutoff frequency flow of the
amplifier

flow =
1

20CfRf
. (9)

The action of the amplifier maintains 0 V across its
input terminals (Karki 2000). Thus the backside elec-
trodes of the samples are virtually connected. The amount
of charge Q(x) flowing from one material’s backside to
another is then inversely proportional to the air capacit-
ance and proportional to the combined capacitance of
CPTFE and CNylon

Q(x) = C(PTFE+Nylon)
Qn
Cair

= C(PTFE+Nylon)
Qn

%0 Ax
. (10)

Here C(PTFE+Nylon) is the total capacity of the PTFE and the
Nylon sample in series while Qn is the surface charge after
n contacts. The ratio between the surface charge and the
surface area A can be replaced with the surface charge
density 3n. The output voltage Ua of the charge ampli-
fier is proportional to Q(x) divided by Cf. Equation 10 then
becomes

Ua = –
Q(x)
Cf

= –
C(PTFE+Nylon)

Cf
3n
%0
x. (11)

The output voltage Ua is proportional to the surface
charge density times displacement. Consequently the

charge density can be reverse calculated from these
two values. The series capacitance of the samples was
experimentally determined and is listed in Table 1.

Experimental Procedure

To analyze the influence of the three main parameters
(force, temperature and humidity) and their interactions,
each parameter was varied on the three levels referred in
Table 2. Each run was replicated three times to reduce the
statistical measurement error. This was a total of 81 meas-
urements. For analysis the median values of the three
repetitions were calculated. The samples were rinsed in
isopropanol and then in DI-water to remove the initial
charge before every run. Finally they were dried in air
for one hour. Before starting a measurement, the samples
were cooled or heated for another 20 minutes inside the
temperature chamber so that they were fully acclimated
to the chamber temperature and humidity settings. The
measurements were recorded over a time period of 1000
s with a sample rate of 100 points/s. The movement
speed was set to 2 mm/s and the maximum displacement
between the sample surfaces was set to 2 mm. The surface
charge density was calculated based on eq. (11). The val-
ues after 5, 50 and 150 contacts were used to compare the
parameter’s influence. Thus the charge increase rate and
also the charge saturation was evaluated.

Results
Figure 9 shows typical curves of charge build up with
repeated contacts under the three levels of contact force
at 25°C and 50% RH. Each value in the figure represents

Table 2: Parameter variation levels.

Level Contact force variation [N] Temperature and rel. humidity (RH) [°C at %]
1 200 9 at 60
2 300 25 at 50
3 400 45 at 17
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Table 3: Comparison between experimental results and previous studies by Greason (2000), Liu, Oxenham, and Seyam (2013) and Lee et al.
(2013).

Kleyman et al. (2016) Greason (2000) Liu, Oxenham, and Seyam (2013) Lee et al. (2013)
Increase of... Maximum surface charge density 3
Force lin. increasing – Increasing –
Temperature lin. decreasing (>spec.RH) lin. decreasing No trend –
RH lin. decreasing (>spec. T) lin. decreasing No trend –
Contact area or decreasing roughness increasing – – Increasing
Young’s modulus ∂3

∂F increasing – – –

the mean of three repetitions. The results indicate that
the charge density growth rate is higher at the beginning
and slows down after several contacts until saturation is
reached. This could be a result of a rising potential dif-
ference between the surfaces and a higher discharge rate.
According to previous studies (Greason 2000), charge

Figure 9: Charge generated between PTFE and Nylon by repeated
contact at different contact force (at 25°C and 50% RH).

accumulation and charge leakage are balanced at the
point of saturation. Furthermore the data show that the
growth rate and also the saturation level are strongly
related to the applied contact force. This confirms actual
studies (Liu, Oxenham, and Seyam 2013), however at this
point it remains unclear if the rising surface charge is res-
ulting from a higher real contact area (Wang 2013) or from
higher mechanical stress (Lacks and Sankaran 2011).

Figure 10 shows the surface charge density under
variation of contact force, temperature and relative
humidity (RH) for the two different sample pairs after a
specific number of contacts. It is evident from these results
that the sample pair No. 2 in general produces less sur-
face charge. Referring to Figure 6 PTFE sample No. 2 has a
much higher surface roughness than the other samples.
It can be concluded that the large asperities on PTFE
sample No. 2 entail less contact area between the samples.
This fact proves the contact area theory of surface char-
ging. This result is reasonable since a correlation between
charge density and surface micro-roughness was already

Figure 10: Surface charge density on PTFE vs. Nylon after 5, 50 and 150 contacts under variation of contact force and temperature/RH.
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found for polymer versus metal contact (Coste and Pech-
ery 1981). From Figure 10 it is also evident that the surface
charge grows linearly with contact force for same settings
of temperature and relative humidity. Proof can be found
if the peaks of the same colored bars in Figure 10 are
connected by lines of best fit. These lines of best fit are
replotted in Figure 11. With the findings from Figure 11 we
can state that there is a remarkable connection between
sample temperature and the impact of contact force on
surface charge generation. A higher sample temperature
or a lower relative humidity reduces the slope of the line of
best fit. This could be the result of a softening of themater-
ials. As Figure 7 shows the Young’s modulus of the sample
materials changes in the considered temperature range.
Assuming small deformations and a constant deforma-
tion frequency (which is the case in our study), it can be
claimed that a lower Young’s modulus results in a higher
deformation of surface asperities. The real contact area
between materials is defined as the sum of cross-sectional
areas formed by asperity contacts (Durig and Stadler
1997). At the same level of contact force a softer material
has more real contact area with its contact partner than

a more rigid material with the same roughness charac-
teristics. This is because the asperities are getting more
deformed as Figure 12 illustrates. The relative change of
contact area at higher temperatures under force variation
is less because the contact area is already high. This is
an important insight considering previous publications
where no specific trend in terms of charge generation of
polymeric materials and temperature or relative humid-
ity was found (Liu, Oxenham, and Seyam 2013). At first
glance it appears that there is no relation between tem-
perature, humidity and surface charge saturation. This is
most likely because the rising temperature correlates with
a relative humidity drop. As published in a previous work
by (Greason 2000) there is a linear relationship between
the triboelectric charge saturation values and temperat-
ure or relative humidity for metal versus polymer contact.
In their study the saturation values are decreasing with a
higher temperature (at constant RH) and also with higher
relative humidity (at constant temperatures). These two
factors are counteracting each other in our experiments,
but since a linear relationship was already reported for
metal versus polymer contact this is reason enough to

Figure 11: Line of best fit for surface charge density on PTFE vs. Nylon after 5, 50 and 150 contacts.

Figure 12: Illustration of the real contact area for a rigid (high E’) and a soft (Low E’) material.
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assume linear dependencies for a polymer versus polymer
contact as well. Based on this hypothesis a linear model
from the three parameters (force, temperature and relative
humidity) is formulated

3 = !0 + !1T + !2RH + !3F + !4T ⋅ F + !5RH ⋅ F
+!6T ⋅ RH + !7T ⋅ RH ⋅ F. (12)

Here 3 is the surface charge density, T is the temperat-
ure in °C, RH is the relative humidity in percent and the
vector ! contains the model parameter. It can be seen
that there are 8 model parameter that must be determ-
ined. The same number of linearly independent equations
is necessary to solve this equation. There are 9 data sets
for each pair of samples considering the measurement
data after 150 contacts (which is almost saturation). We
have used 6, 7 and 8 of our data sets to approximate the
model parameter by a numerical least squares approach
and compared the results in Figure 13. As it can be seen in
this figure there is almost no deviation between the estim-
ated model parameter for different numbers of equations.
Since the remaining data sets are not incorporated in the
calculation they can serve as additional data points for
model validation. Therefore the parameters are determ-
ined for both pairs of samples with just 6 equations and
the accuracy of the approximation is controlled. The the-
oretical surface charge is recalculated according to eq.
(12) with the experimental settings (temperature, humid-
ity, force) from the determined model parameter !. Figure
14 shows the comparison between the measurement data
and calculated values. The remaining 3 control values
which were not used for model parameter calculation
are highlighted in red. The calculation shows an aver-
age relative error of 1.9% and a maximum deviation of
10% which is a very satisfying result. After the model
parameter are identified eq. (12) is used to investigate
the isolated influence of each single external factor (T,
RH and F) in the space of the experimental setup lim-
its. Figure 15 shows a calculation of the surface charge

Figure 13: Comparison between approximated model parameter
using 6, 7 and 8 equations.

density of sample pair No. 1 at a contact force of 400 N
for different settings of temperature and relative humid-
ity. It is evident that the charge density is decreasing
with rising temperature and is increasing with falling rel-
ative humidity as already reported for polymer versus
metal contact. In particular, the interaction of different
temperature and humidity settings is interesting as there
can be found a characteristic point. A previous publica-
tion by ( Greason 2000) stated that for polymer versus
metal contact the slope of the charge versus temper-
ature characteristic decreases as the relative humidity
increases. Another study says that there is no specific
trend of the charge generated in terms of temperature
and humidity found for polymer versus polymer contact
(Liu, Oxenham, and Seyam 2013). As Figure 16 shows,
this is different for the PTFE versus Nylon contact in the
present paper. Here, the slope of the charge versus tem-
perature characteristic increases as the relative humid-
ity increases. This fact suggests that air humidity plays
a different role in polymer versus polymer triboelectric
charging than in polymer versus metal charging. There
is also a characteristic temperature point where relative
humidity does not affect triboelectric charging at all. This
is the point where all the lines in Figure 16 intersect each
other. It is evident that this intersection point is located
at different temperatures for the two pairs of samples.
Since the same material was used for both pairs with
exactly the same elastic properties, the difference can not
be related to the Young’s modulus change. This differ-
ence must be originated from the surface structure of the
materials. This result shows that the micro-roughness is
affecting the triboelectric charging in two ways: (i) reduc-
tion of the real contact area between contact partners
and therefore a lower triboelectric charge saturation, (ii)
change of the temperature and humidity versus charge
characteristics.

Conclusion
A series of experiments were performed to gain a bet-
ter understanding of the triboelectric charging of poly-
meric materials after repeated contact. PTFE and Nylon
were chosen as sample materials for this study since
they are classified on opposite sides of the triboelectric
series. The impact of surface roughness, contact force,
temperature and relative humidity on triboelectric char-
ging was investigated by varying these factors on different
levels, see Tables 1 and 2. The results are summarized
in Table 3. It was shown that roughness is an essen-
tial factor in triboelectric charge generation. The sample
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Figure 14: Comparison between actual measurement data and a calculation using the determined model parameter. The values which are
highlighted in red were not used for parameter estimation.

Figure 15: Triboelectric charge saturation for PTFE/Nylon contact as
a function of temperature and relative humidity. Determined from
model parameter (sample No. 1).

with bigger asperities and thus less contact area produced
a significantly smaller surface charge compared to the
more planar sample. Further it was proved that tribo-
electric charge increases linearly with increasing contact
force. The gradient of the increase is related to the elastic

modulus of the materials. The study also demonstrates
that the impact of temperature and relative humidity on
charge saturation within the experimental limits is lin-
ear. Based on these findings a mathematical formulation
was given, which allows the quantitative determination of
surface charge in dependence to the three above-stated
parameters. This formulation enables an a priori estim-
ation of the surface charge for different operating points
of a triboelectric energy harvester after a few preliminary
experiments, which serve to determine the model para-
meter vector. Furthermore, an equation was given for
the power output of a triboelectric energy harvester in
a quasi static regime, which contains geometrical and
mechanical parameters of the device. With these two
base equations, one can design and optimize triboelec-
tric energy harvesters so that they are perfectly adapted to
environmental conditions and excitation forces. Finally,
a screening of the temperature versus charge behavior
at the theoretical level was performed. It shows that the
roughness is effecting not only the surface charge satur-
ation value but the fundamental charging characteristic.
There exist a temperature point where lines of different
relative humidity intersect and thus do not control surface

Figure 16: Charge saturation values of PTFE/Nylon contact for different settings of temperature and relative humidity.
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charge saturation, whichmust be a function of the surface
roughness. This observation is based on an interpolation
of the measuring data inside the measurement range. As
there is no experimental proof for this fact yet, this hypo-
thesis should be proved also on an experimental level in
future publications. Still, this and the fact that the Young’s
modulus is affecting triboelectric charging of polymers
is a novel insight in triboelectric research. Along with
the mathematical formulation this offers new methods of
designing better triboelectric energy harvesting systems.
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