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Abstract. The measurement of the friction coefficient is essential to numerous applications, including
mechanisms and tribocharging assessments. There are several families of measuring devices using
various measuring principles, configurations and types of movements. We analyze in detail the
potential measurement error sources in the devices falling in one of these classes and exemplify these
errors for the case of a custom-made device. The use of the method of the horizontally sliding
cartridge (also named in the article sledge or shuttle) with vertical force applied to the probe, and of
other similar setups for friction force and friction coefficient measurement raises several obstacles.
Among these are the compensation of the effect of the involved masses and of the frictions between
the cartridge and the measuring table, of the mass and frictions in the displacement sensor, moreover
the estimation of the mechanical noise in the sliding process. We analyze the involved factors,
exemplify the analysis with measured signals, propose a compensation method, and apply it to a
measuring setup in order to reduce measurement errors. The analysis and the related method for error
compensation are appropriate for and easily adaptable to a large class of measurement setups.

Key words: signal processing, measurement errors, triboelectrometer, error compensation, dynamics,
sliding contact, friction.

1. INTRODUCTION

Triboelectrometry is defined here as the assessment of the tribelectric effect. The measurement of the
friction is a necessary step in triboelectrometry. There are numerous methods for measuring the friction
forces, using various experimental setups, including the common inclined plane method and the horizontal
plane method [1, 2]. Several of these methods are described in detail only in patents, such as [3—5]. In all
these methods and devices, there are several error factors affecting the derivation of the true friction force
between the samples under investigation. While the literature discusses a number of error sources, for
example vibrations induced by friction [6—8], sensor misalignment and contact nonuniformity [9] it is
unclear how these errors affect the measurements using the various commercial tribometers, and how the
errors, if any, are compensated in commercial devices; we were unable to find such information in the
documentations available for some of these tribometers. However, it is known that precise measurement of
the kinetic friction requires the use of vibration isolation techniques and the use of several sensors to measure
and then compensate for accelerations induced by undesired movements (vibrations induced by movement
with friction) [6].

There is no commercial equipment today for triboelectrometry. The setup we used was conceived with
the aim to measure triboelectric charging for pairs of polymeric samples (slabs) [10-12]. The setup belongs
to the reciprocating class of tribometric devices and was not designed for determining the friction coefficient
between the samples. Therefore, the friction forces can be determined only indirectly and with certain
approximations.

For assessing the triboelectric effect it is desirable to determine the workforce performed by the friction
force between the samples under friction. However, other friction forces occur in the setup, while the forces
directly measurable are not equal to the friction force of interest, but to a sum of inertial and friction forces.
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This requires kinematic analysis and the identification of the independent variables. However, various
causes, including imperfections of mechanisms and variability of the friction between the samples under
analysis introduce errors that must be minimized.

While we detail and exemplify the computation and compensation methods for a specific case, they
remain largely valid for a whole class of measuring setups that are suitable for characterizing the triboelectric
effect. Indeed, all such setups involve the measurement of the tangential and normal forces during friction,
and the two samples under friction need some kind of holders, at least one of them moving together with one
of the samples. Such setups for the measurement of the triboelectric effect involve forces as in our model,
whatever different movement is used in those setups. Therefore, the analysis and model in this study can
easily be generalized to cases from similar methods of measuring the triboelectric effect. In addition, various
methods for measuring friction forces involve similar forces, including inertial forces; an example is that of
measuring friction between pistons and rings, [13], where the calculation of inertial forces is an intermediate
step for deriving the friction forces and strain gages are used to measure transmitted forces. We also analyze
the sources of errors and expose a method for minimizing the errors.

2. DESCRIPTION OF THE MEASURING SETUP

The basic experimental setup for triboelectric charging measurements was described in detail in [10]
and [11]; the main difference in the setup described in this paper is that the movement is produced by a linear
motor and the movement is essentially at constant velocity. The experimental set up consists in the
electromechanical bench for sample tests, the electric potential measurement apparatus, and the annex
devices for temperature mapping [11]. Details on the measuring method and several issues related to data
processing were presented in [10] and [14] and are not repeated here.

The mechanical part of the setup includes a horizontally sliding sample holder that supports one of the
samples measured; the other sample is maintained fixed by a second sample holder and pressed upon the
former sample (Fig. 1). The normal force of direct interest is exerted on the fixed sample during the
movement of the mobile sample carried by the cartridge. A controlled linear motor moves the cartridge; a
force sensor determines the tangential (motor) force, while another force sensor determines the normal force
F,s and its (undesired) variation. A displacement sensor connected to the cartridge determines the
displacement of the moving sample.

T Force sensor, measures AF,,
. . AF s
. Mass of the moving - my,  Handler for the upper slab, mass my,
displacement  part of the sensor P
sensor and link, m,.,.0, Me e «Upper slab, mass n,
’, "'-.‘. i f_ R %k C%‘uidin 2 bar mg,
% . .-
Force sensor, mass 1 ‘F n ... Bottom slab, mass
m e F 5 mpp
Ls» Measures £y % 7 |(
Initial x| p— Moving table (sample
o Movement of the } _....Cartridge), mass niy,,
osition, d=0 F . - ©
po: ’ < 1b sample cartridge
d G| Supp()r[
(1) frame

Fig. 1 — Sketch of the setup with the acting forces and displacement direction. Notations in the text.
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Friction occurs between several of the elements in the setup. A major tangential force F, component is
the friction F.- between the cartridge and the frame of the setup. Also, the displacement sensor, when it is
mechanical, contributes a friction force, F. The friction [6] and small deficiencies in the moving mechanism
introduce fluctuations of the tangential force, . Imperfect planarity and friction introduce variations in the
normal force. One normal and one tangential force are measured with two sensors placed as in Fig. 1. The
masses in Figure 1 are given in Annex 1.

3. ANALYSIS OF THE DYNAMICS OF THE TRIBOMETRIC SYSTEM

3.1. TANGENTIAL FORCES

During the displacement of the mobile slab and cartridge all measured quantities are time varying. The
measured quantities include the tangential force Fx(f) applied to the moving cartridge with the sample, see
Fig. 1, the normal force F,(?) applied to the samples, the time variable displacement d(f) of the moving table,
the electrical potential and the temperature map of the bottom sample immediately after the friction. The
total tangential force measured includes the sum of the two friction forces, the friction force between the
measured slabs, Fis, and the friction force between the measuring table and the measuring bank, F, shown
in Fig. 1, and of the tangential inertial force, Fr-inertial(f) , associated with the moving parts, namely the lower
slab, the lower slab cartridge, and the moving part of the sensor,

F.(t) =Fus(t) + Fiyp () + Frinertial (9. @

The friction force Fis(f) corresponds to the friction of interest, between the two samples, while
Fu(t) stands for the friction between the moving (lower) cartridge and the supporting frame of the setup plus
the friction in the displacement sensor, between its fixed and moving part (the later one being neglected
subsequently). The values of F are estimated by “blank™ tests, that is with no normal force applied to the
shuttle. The inertial force corresponds to the masses my, + my, + my, +my.,,, where my, is the mass of the
lower sample holder (shuttle), m,,, is the mass of the moving part of the displacement sensor and of the link
from that part of this sensor to the moving cartridge, m;, is the mass of the tangential force sensor, and m;, is
the mass of the bar connecting the tangential force sensor.

3.2. NORMAL FORCE

The normal force F, of primary interest is the force applied between the samples, not the measured
normal force AFns(¢). In the setup, the sensor is pulled in both directions by two vertical forces, one tending
to lift the upper sample holder and the other the sum of the weights of the upper holder, gm;, of the upper
bar, gmy,, of the upper sample, gmy,, and of the two guiding bars, g(maci+maz2). We neglect frictions of the
guiding bars in their guides. Therefore, the total normal force is

Fn(t) = — AFns(l‘) + g(mUh + My + mg + mGz). (2)

The normal force is measured with a sensor placed as in Fig. 1 and, excluding vibrations, this force
includes no inertial component. During all tests, the nominal value of the masses in (2) was computed as
mi+ m2 +ms + ms + mus = 1.551 + 0.01kg, where the variation of 0.01 kg is due to the variable mass of the
samples used. The “virtual instrument” was zeroed for g(my, + my, + mg + mg,). The nominal value of AFns
was 10 N. Therefore, the nominal value of the normal force contributing to friction was 4.71 N
(approximated in computations by 5 N).

Using these details on the normal force, the tangential force can be detailed as follows. The measured
tangential force, beyond the sum of forces in (1), includes a noise component, 7, and a systematic error
(offset), 7,5 due to the sensor zeroing. For reciprocating tribometers, the offset is easy and precisely
removed by computation of the average over several cycles. The full expression of the tangential force is
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Fr () = Fis(£) + F(£) + Mz -ay(£) + ay(t) +1(8) + Ty, (3)

where M: is the mass of all elements moving horizontally and a,(¢) is their acceleration in the horizontal
direction, assuming equal accelerations for all these elements. The forces £, and F}, are produced between
different surfaces, see Fig. 1, and have the expressions

Fis(f) = Fa(t) 1
Filt) = (1) + Mg+ ax(t) + 1)) 0 “)

EFy(0) = (F.(t) + Mg+ at) + 1)) Ho, )

where p is the coefficient of friction (COF) specific to the couple of slabs, assumed constant at constant
velocity, Fr is the normal force (2) applied to the slabs, L, is the COF specific to the contact surfaces of the
moving table and the frame of the measuring bank, and aw(¢) is the vertical acceleration of the mass M during
the movement of the lower cartridge (unloaded); g is the gravitational acceleration and 7, is an acceleration
noise along the normal direction. The acceleration a,(f) differ for the case when the lower cartridge is
unloaded (i.e., not pressed by a normal force) and for the case the lower cartridge is loaded; we denote these
accelerations respectively by a,4(f) and a,,(f). During blank tests, when the setup is not loaded with a normal
force, the component Fi(¢), denoted by Fu(7), is

Fupo(t) = Mt (g + avlt) + 1q0)os (6)

where 7, is the acceleration noise with the cartridge unloaded.

Examples of variations of the measured tangential force F(f), of the measured normal force AF;(%),
and of the measured displacement d(¢) are shown in Fig. 3. The waveforms for all three signals representing
forces are quasi-periodical, with similar but non-repeatable forms. The graphs include raw data, with
uncorrected offsets; the reciprocating movement allows us to better correct the offsets and drift by
computations (in software) than by trimming as detailed in the next sections.
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Fig. 2 — Examples of time-dependent variation of the measured quantities, the tangential and normal forces and the corresponding
displacements, for normal (loaded) tests.

While the normal force is supposed to be constant, the small variations of the thickness of the lower
sample (as reported in [10]) and the vibrations due to movement with friction [6] produce a significant
variation of the normal force, of about 0.5 N peak-to-peak (Fig. 3). For reasons explained in the next Section,
measurements of the quantities Fx(f), AFns(f), and d(¢) were also performed with the lower sample removed,
that is, without a normal force applied to the lower holder. This type of test is named blank test throughout
the paper.
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4. SIGNAL PROCESSING AND DATA ANALYSIS
4.1. ANALYSIS OF SLAB ROUGHNESS AND NOISE COMPENSATION

The samples consisted of slabs of polymeric, industrial grade materials (industrially manufactured).
The slabs were cut from large sheets of PVC, ABS, and polystyrene (PS), taking precautions not to produce
before testing any scratches on the surfaces to be tested. The materials under friction have been in the
experiments: (1) PVC for the lower sample and ABS for the upper sample; (2) PVC for the lower sample
against PS; (3) PVC against PVC.

Before tribocharging, the samples have been assessed for roughness. The roughness profile is
important because it induces noise in the tangential force and possibly minute vertical movements of the
upper (pressing) slab and thus further small, noise-like variations of the friction force. An example of
roughness profile for a PVC slab used in experiments is shown in Fig. 2.
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Fig. 3 — Example of roughness profile and ADC profile of roughness, slab of PVC. (Standard ISO 1997, Profile R, A;=2.5 pm,
cut-off at 0.8 mm, Gauss filter, R, = 0.129 pm, R, = 0.184 pum, R, = 1.496 um.) (DigitalSurf™ measuring device.) PVC_*** are
samples of PVC slabs of various shapes and sizes, employed in the experiments.

For all experiments reported in this study, the movement conditions (nominal) were: displacement
along 50 mm (comparable to other tribometers in the literature); displacement speed 15 mm/s; we recall that
the normal force on the sample (under static conditions) was about SN. The error sources discussed through-
out the paper affect the nominal conditions; some of these errors are common to many tribometers [6].

The problem is to obtain an estimation of the average of p for a given sample from the above
expression and from the statistics of the measured data. Notice that we need an average per sample and are
not interested here in the local variation of the coefficient of friction. We assume that all the masses are
known precisely. When the mass of the lower sample, m;,,, is significant with respect with the mass of the
cartridge my,, one needs to replace my, with m;;, + m;, for the situation (not the “blank”) of measurement. In
this case, we assume that m is also precisely known. The tangential force and displacement during blank
cycles are exemplified in Figs. 4a,c and Fig. 5a.

Examples of recorded data and of the derivation of the velocity and acceleration are shown in
Figs. 5a,b. In all figures representing recorded data, the time (on the horizontal axis) is replaced with the
number of the signal sample, with counting starting at 1; the sampling period (time between two samples) is
0.1 s in all figures.

While the Fig. 4c seems to indicate an instantaneous change of velocity, which is a physical
impossibility, an enlarged space-time plot (Fig. 5a) and the plot of velocity and acceleration (Fig. 5b)
indicate a slow change in velocity and a noisy displacement. Also, a plot of the normal force shows a
significant level of noise (Fig. 6), which partly explains the noise in the acceleration through variation of the
friction force. This noise contributes an instantaneous error in the normal force up to 0.39N/5N~8%. Part of
the noise is due to the roughness illustrated in Fig. 2.
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Fig. 4 — Unloaded (blank test): a) measured tangential force; b) measured normal force; c¢) displacement, period 3.3 s.
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Fig. 6 — Noisy normal force measurement during blank tests.

The presence of the noise in the tangential force Fx(¢) is proved by “blank” tests, where the measured
slab is removed, therefore the moving cartridge is unloaded, Fu(f) = 0. The small variable signal Fu(?)
detected during blank tests (Figs. 4b and 6) has the characteristics of a typical noise. The measured signal F:
(¢) is non-repetitive from cycle to cycle; the variable component of Fi(¢) with respect to the “average cycle”
defined subsequently is considered noise. Because in case of the considered measuring setup the movement
is alternative and the tangential force proves to be not symmetrical with respect with the moment of
movement reversal, we consider complete reciprocating movement cycles (alternate, forth and back
movements).
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4.2. COMPENSATION FOR THE AVERAGE ERRORS
IN DETERMINING THE TANGENTIAL FORCE DUE TO LOADING

Next, a method to determine the average cycle during blank tests is exposed with the aim of
determining the component Fr». We determined the cycles between successive zero crossing moments where
the tangential force reverse sign passing from positive to negative values; this is done with the composed
condition F,(7}.;) > 0, F(T..,) < 0, and the value F,(7}.;) = O is selected. The values T}., —7T} represent the
duration of the k" (pseudo-)period of Fx. Then, we averaged the cycles taking for every moment ,, 0 < tn <
max; (7% the average of F,(n+T%) for all k£ values, including for the first period F,(n). In this way, we obtained
the average <F#(n)> which we deduced from the signal corresponding to periods in the F(¢) signal measured
with friction (loaded sample). However, the two signals (for the unloaded and loaded conditions) are not
time-aligned. Therefore, the subtraction was performed after alignment, defined by the maximum of the
cross-correlation function of the two signals.

The compensation method described above can be seen as a local compensation method, as it applied
to each original sample a specific compensation based on a reconstructed cycle during blank tests, the
average blank cycle being subtracted, sample by sample, from the measured data. The tangent force averaged
over 5 periods, according to this method, is shown in Fig. 7. It corresponds to the phase plot in Fig. 8.
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Fig. 7 — Tangent force signal (unloaded measuring system) Fig. 8 — Phase plot for the dynamics of the unloaded
averaged over 5 periods, with average of the signal nulled. measuring system (offset not removed).

The averaging shows that there are significant differences even between moving averaged periods. The
peaks indicated by arrows in Fig. 7 show an increase of the tangential force at the end of the movement,
when acceleration is high. The phase plot for the initial (measured) F: vs. displacement, for the case of
unloaded setup, is shown in Fig. 8. Also, the graph, which is a typical phase diagram as used in system
dynamics studies, shows that the process is actually a chaotic one.

A simpler method of determining the approximate tangential force is to select on the phase diagram the
regions of almost horizontal traces and to average over them, then subtract the resulted values from the data.
The conditions for selecting the regions of almost constant force for the loaded system have been set
manually at £(¢) > 1.5 N and F(f) <-1.5 N.

The conditions for selecting the regions of almost constant force for the blank (unloaded) system have
been F(f) < —0.4 N simultaneously with —10 < d < —5 and respectively F(f) > 0.4 N simultaneously with
3 < d > 12. Notice that the upper and lower branches in the phase diagram, corresponding to the two
directions of movement, are significantly different; the lower branch has a larger displacement distance
where the force is almost constant.

Figures 8 and 9 show that, for both the unloaded and the loaded cycles, the force F, is less variable
toward the end of a semi-cycle and varies strongly during the first half of the semi-cycles. Therefore, the last
half of the semi-cycles is considered for obtaining the average of the tangential force at constant acceleration
(the part that is due to the friction £, and subsequently to derive the value of .

However, the upper branch of the cycle and the lower branch of the cycle of the unloaded system differ
considerably. Hence, the error they introduce when used as a basis to compensate the movement with friction
is much larger for the upper branch. We use only the lower branch of the cycles for compensation.
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5. RESULTS AND DISCUSSION

The determination of the tangential force during blank tests allows us to compensate for it. However,
the compensation without proper alignment between the time series produces rough results (Fig. 10). After
proper alignment, the compensated time series for the tangential force clearly indicates that the maximal
force occurs at the ends on the reciprocated movement, where the accelerations are higher, as expected. The
regions between the positive and negative peaks would ideally be plateaus; the variations of the force during
these intervals indicate variability of the friction and noisy changes in the normal force. Notice that,
compared to the original traces (Fig. 11), which wrongly indicate a maximal tangential force during the
intervals of constant velocity movement; the compensated cycles indicate correctly the peaks of the
tangential force (Fig. 10). Figure 11 clearly demonstrate the need for a correct alignment between the force
and displacement time series, because a shift between them is possible because of mechanical imperfections
in the mechanism of the measuring setup.

Tangential force compensation using the local method

1 101 201 301 401 501 initial
2 sample no, “~------ rough compensation
1 ;‘
A = = = = average of the blank
0 \ periods
-1 compensated

s

Force [N]

Fig. 10 — Compensation of the tangential force signal using the averaged cycles (moving average over 5 cycles).

1500

_______ force[N] - Plot 0 2 samhple number
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Fig. 11 — Example of phase difference between the measured tangential force (dotted line) and the displacement (solid line, scale
1:10). Data correspond to friction between a PVC sample vs. ABS sample.

There are several difficulties in automatically applying the first compensation method. Figures 7, 8,
and 9 show that the loops have not the same “end” (upper and lower returning point, see arrow). Also, if one
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makes a vertical section of the loops, the same branch of the loop does not intersect the branches at the same
point on all cycles (as happens for any pseudo-periodic or chaotic system). Therefore, “periods” are unequal.
Thus, one period of the unloaded system cannot be used as perfect compensation for all “periods” of the
loaded system. We need to use several average templates, with different quasi-periods, of the unloaded
system and try to match with them a specific “period” of the loaded system.

Notice that the cycles of the unloaded system are significantly less smooth than the cycle of the loaded
system, because no normal force keeps the moving table in good contact with the frame of the setup,
allowing vertical movement of the bank and thus a variable friction force.

In case of the second method, the number of samples used to compute the average of the negative
component of the tangential force has been 230, with an average of —0.558; 140 samples were found
satisfying the conditions for the positive branch, while the positive branch average was found 0.612. While
the numbers of samples obtained for compensation on the two semi-cycles differ, they are easily counted;
thus, the second method is easy to automate.

6. CONCLUSIONS

The study revealed that inherent mechanical imperfections of the friction and triboelectric measuring
devices may be partly compensated by performing blank tests and using the results of these tests to compute
the error compensations. The blank tests show that the friction of the sledge in the frame may have an
important role and must be taken into account in the computation of the tangential force and hence in the
determination of the friction force. The reciprocating operation brings errors at the ends of the strikes. These
errors can be removed by taking into account only the movement during the time intervals when the
displacement is performed without horizontal accelerations. The determination of the friction coefficient,
required in triboelectric experiments for correlating the influence of this variable on the dependent variable
of the charging raises several computational and experimental difficulties that currently limit the
determination only along parts of the reciprocating movement, where velocity and tangential forces are
almost constant.

The two methods of estimation of the tangential force and of the friction coefficient, one based on
compensation with the averaged cycles during unloaded pre-tests and the other based on the smooth
horizontal intervals in the phase diagrams, have both drawbacks related to the errors they incur. However,
their use much improves the correctness of the estimations of the friction force. Thus, the correction methods
presented must be included in the software for tribometers and triboelectric characterization devices. The
errors in the sample surface alignment, mentioned previously in the literature and found also in this study can
be reduced by statistical averaging.

Further work is needed to reduce the looseness in the joints from the motor to the shuttle, while
keeping accelerations and forces at reasonable levels; this would reduce the length of the displacement that is
affected by high uncertainties. Also, the measuring setup should be equipped with accelerometers both for
monitoring the measuring conditions and for compensating vibrations. The conjoint use of accelerometers
and piezoelectric actuators for active damping of the vibrations along both axes would further improve the
precision of the measurements.
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Annex 1

The masses of the parts in Fig. 1 are (in grams) my, = 3 701; my, = 40-50; my, = 942;

mys =~ 40-50; mg, = 284; mg, = 263; my, = 12.
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