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Abstract—This study concerns the design and development of the non-vibrating capacitance probe
which could be used as a non-contact sensor for tribological wear. This device detects surface charge
through temporal variation in the work function of a material. Experiments are performed to de-
monstrate the operation of the probe on a roating aluminum shaft. The reference electrode of the
probe, made of lead, is placed adjacent (<1.25-mm distance) to the shaft. Both surfaces which are
electrically connected, form a capacitor. An artificial spatial variation in the work function is imposed
on the shaft surface by coating a segment along the shaft circumference with a colloidal silver paint.
As the shaft rotates, the reference electode senses changing contact potential difference with the shaft
surface, owing to compositional variation. Temporal variation in the contact potential difference in-
duces a current through the electrical connection. This current is amplified and converted to a voltage
signal by an electoronic circuit with an operational amplifier. The magnitude of the signal decreases
asymptotically with the electrode-shaft distance and increases linearly with the rotational frequency.
These results are consistent with the theoretical model. Potential applications of the probe on wear

monitoring are proposed.

1. Introduction

Mechanical systems such as heat combustion en-
gines have components that are dynamically in con-
tact with another body. These components are sub-
jected to cyclic motions that could involve impact
loading, shear straining, plastic deformation, fric-
tional heating and fatigue of subsurface regions. A
combination of these mechanisms leads to surface
damage that impairs the performance of the compon-
ent. In addition, the chemical interaction between
the component surface and surrounding fluids could
also accelerate suface degradation. Such problems,
if unattended, could result in catastrophic malfun-
ction of the machine and even compromise opera-
tional safety. in this regard, it is desirable to monitor
the surface condition of a critical tribocomponent.
The design of the sensors to monitor the operation
of machinery depends largely on the nature of tri-
bological application.

This paper will present a preliminary cvaluation
of a surface-monitoring method that exploits the spa-
tial variation in the work function of a material. The
work function refers to an energy barrier to prevent
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the escape of electrons from the surface. it is govern-
ed by the physio-chemical nature of the surface and
also depends on the environmental conditions. From
a tribological standpoint, the work function is a use-
ful parameter for evaluating mechanical deformation
features such as dislocation pile-ups and residual
stresses. For example, Craig and Radeka (1969)
have demonstrated that a metal subjected to dif-
ferent degrees of compressive stress, exhibits a vari-
ation in the work function.

The present study focuses on the design and de-
velopment of a non-vibrating capacitance probe as
modified from that of the Kelvin-Zisman method
(Zisman, 1992) that uses a variable capacitor to
measure the contact potential difference (CPD)
between two surfaces. This paper provides a des-
cription of the Kelvin-Zisman method to monitor
surface probe, and demonstrates the operation of the
probe on a rotating shaft.

2. Theoretical Background

2-1. Kelivin-Zisman Probe
This technique is done by creating a parallel plate
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capacitor and vibrating one plate (reference elec-
torde) relative to the surface of interest, as shown in
Figl. The vibration induces a current flow which
can be described in terms of the geometry of the dy-
namic capacitor and difference in work function
between the surfaces. If the work function of the ref-
erence electrode (¢.) is known, then the changes in
the work function of the other surface (Qumwq) can
be related to whatever experimental conditions are
chosen. The general equation for the induced cur-
rent (Diefenderfer, 1972) is

i=V(dC/dt)+C(dV/dt) 1)
where V, the CPD voltage, is defined by

V = (@rer - Pesirea)/€ (2)
and C, the capacitance, is expressed as
C=g8A/, 3)

¢ is the charge of an electron, € is the relative
dielectric constant, €, is the permitivity in free space,
A is the area of the reference electrode and d is the
spacing between the surfaces.

A typical experimental condition involves a ref-
erence electrode that does not dtect a varying Quepeds
thus, the term dV/dt in equation 1 is assumed to be
zero. In most CPD-measurement studies (Anderson
and Alexander, 1952; Baumgartner and Leiss, 1988),
such a condition is implemented by having the vi-
brating reference electrode fixed in position on a par-
ticular site of the sample surface. The induced cur-
rent is contributed solely by the change in the capa-
citance owing to the sinusoidal variation in d ex-
pressed as

d=d,+d,sin®t @)

where d, is the mean spacing, d, is the amplitude,
®© is the angular frequency and t is the time. Sub-
stituting this equation to equations 3 and 1 yielde

i = -Veg,Ad,cost/(d,+d,sinmt)* )

The kelvin-Zisman technique to measure V is to
provide a compensating voltage (V) to the vir-
brating capacitor (Fig. 1) so that i=0. The dc vol-
tage could be applied either externally (Wolff er al.,
1969; de Boer et al., 1973) or through a feedback
circuit via a phase sensitive detector (Harris and
Fiasson, 1984).

2-2. Non-vibrating Capacitance Probe

This probe also forms a capacitor between the ref-
erence electrode and surface of interest. However,
the spacing between the two surfaces is fixed. In-
stead of the variable capacitance, the current is in-
duced by the temporal change in CPD. In reference
to equation 1, the formulation for the induced cur-
rent is simplified to

i=C (dv/dt) (6)

Varying the CPD with time could be achieved by
imposing a lateral displacement between the rcf-
erence electrods and a samle surface with het-
erogeneous work function. A combination of this e-
quation with euation 3 which yields

i=e£,AdV/diyd, )

suggests that the magnitude of the induced current
decreases asymptotically with the capacitor spacing,
and increases with the area of the reference elec-
torde and the rate of CPD change. The present
study involves the scanning of a cylindrical surface
rotating along its longitudinal axis (Fig. 2).

Using the geometry depicted in Fig2, assume that,
along the circumference of the cylinder, part of the
surface consists of material A and the rest, of ma-
terial B; each material has a unique work function.
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Fig. 1. A schematic of the Kelvin-Zisman method.
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Fig. 2. CPD variation between the reference elec-
trode and rotating cylindrical surface composed of
materials A and B.
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As the cylinder rotates at a constant speed, the ref-
erence electrode senses a contact potential difference
with material A (CPDg,) and another potential with
material B (CPDgg). Also assume that CPDy, is zero.
The variation in the CPD with time can be des-
cribed by a rectangular wave function V(t) with an
amplitude CPD:, (Fig. 2). The Fourier series of the
function is

V(©) = Vx+VAI{Y [ (sin(2Inx)/m)cos (wInt) |
+[ (1 - cos (wIThx)/A)sin (21 Fnt) ] } ®)

whereby V'=CPDyg, - CPDgg (in volts), f is the fun-
damental frequency which is equivalent to the ro-
tational frequency, x is the ratio of the arc length of
A to the circumference of the cylinder and n=1, 2,
3,.....0. The derivative of this function is defined by

dv/dt=-2vf {3 [ (sin (e/Tnx)/n)sin (2ITnt) ]

+[ (1 —cos (2Ix)/n) cos (2IHnt) ] } O]
For CPDgz#0, the derivative of V(t) is still ident-
ical to equation 9 where the dc component is el-
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Fig. 3. A theoretical variation of dV/dt with time.
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iminated.

Fig. 3 shows plots of equation 9 for x values of
0.013 and 0.3. For these calculations, V'=1, f=15 Hz
and n=1 to 10. Each cycle of the wave consists of
two major peaks, one with positive (maximum) and
the other with negative (minimum) value. These
peaks define the boundaries of material A where
there are sharp changes in the CPD. The gap
between the peaks widens as the length fraction of
A increases.

Equation 9 indicates that the magnitude of the
peak depends on the fundamental frequency. This is
illustrated in Fig. 4 that reveals a linear increase in
maximum dV/dt from 10 to 20 Hz. For this plot, x
is fixed at 0.013 and V' and n are the same as a-
bove.

Take note that waves with smaller amplitude
separate the major peaks as shown in Fig. 3. There
should be a straight line (dV/dt=0) instead because
of the absence of CPD variation between material
boundaries. The appearance of minor waves
between the large peaks is attributed to the limited
number of harmonics included in the calulation.
With higher number of harmonics, the amplitude of
these waves aspproaches to zaeo.

3. Experiment

3-1. Set-up

The apparatus conisisted of an aluminum shaft
(length=432 mm, diameter = 50.8 mm) rotated by a
stepper motor (Fig. 5). Both ends of the shaft were
supported by roller bearings. One end was con-
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Fig. 4. Theoretical maximum dV/dt plotted as a
function of frequency.
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nected to the motor spindle with a coupling. In-
terfaced with the motor is a control box for re-
gulating the rotational speed. The entire mechanical
assembly was mounted on a vibration-isolation table.
The rotational frequency of the shaft which was
monitored by a tachometer, was set at 10, 15, 20
and 25 Hz (or 600, 900, 1200, 1500 rpm).

The non-vibrating capacitance probe was mounted
on an xyz positioning system which was mechan-
ically isolated from the above set-up. Stepper mo-
tors control the lateral motion of the probe along the
longitudinal axis of the shaft and the vertical po-
sition. The probe was positioned such that the ref-
erence electrode was perpendicular to the shaft sur-
face. A separate positioning stage with a trans-
lational resolution of 0.01 mm was used to man-
ually adjust the spacing between the shaft and the
reference electrode. Spacings ranging from 0.1 to
1.25 were used.

Artificial variation in the work function was im-
posed on the sample surface by coating a segment a-
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Fig. 5. Experimental set-up.
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Fig. 6. Circuit diagram of the non-vibrating capa-
citance probe.

long the shaft circumference (Fig. 5) with a col-
loidal silver paint (Ted Pella, Inc.). Most of the tests
were conducted for a silver strip with an arc length
that was 1.3/100 (or 0.013) of the circumferencial
length of the shaft. One test was performed for a
separate coating with a length fraction of 0.3. The
coating strips were approximately 14-pum thick and
5-mm wide.

3-2. Signal Processing

The reference electrode of the probe was made of
lead wire with a cross-sectional area of approxi-
mately 0.446 mm’. Electrical connection between
the sample and the common ground of the probe's
electronic circuit, was maintained through a brush in
contact with the shaft. The current induced by the
time-varying CPD between the electrode and ro-
tating shaft surface was converted to a voltage out-
put (Fig. 6) via a high ohmic circuit with a gain fac-
tor of 3.9x 10°V/amp. The operational amplifier in
the circuit received a dec power of 9 V. The vol-
tage ouput of the amplifier is recorded by a data ac-
quisition system (Data Translation 2831) at a rate of
10 kHz.

4. Results

Fig. 7a shows an example of signal output for the
silver strip with a length fraction of 0.013. The sig-
nal exhibits a series of large waves, separated by
fluctuations with smaller amplitudes. This pattern is
identical to that of the theoretical signal which is cal-
culated for similar length fraction (Fig. 3a). The
time interval between the large waves corresponds
to the rotational frequency of the shaft. The interval
between the maximum and minimum peaks of each
wave packet represents the traverse of the probe a-
long the arc length of the silver strip. The model in
Fig. 2 indicates that upon entry into the silver strip,
the reference electrode senses an abrupt shift in the
contact potential difference from aluminum to silver.
At this point, the rate of change in CPD, i.e., dV/dt,
is maximum (equation 7). As the reference electrode
exits from silver to aluminum, it senses another
sharp change in CPD but with a dV/dt of reverse po-
larity. In accordance to this model, the interval
between the maximum and minimum points of the
large peaks is longer for the silver strip with a
length fraction of 0.3 (Fig. 7b).
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Fig. 7. Samples of probe output signal.

As mentioned earlier, an interval of minor waves
separates the large ones as shown in Fig. 7a. This in-
terval could be the electrical signature of uncoated
aluminum. The fluctuation could reflect mi-
crostructural variation in the aluminum surface that
also gives rise to heterogeneity in the work function.
The microstructural variation could be linked to the
machining history of the shaft. Since this study con-
cerns only with variation in surface composition
rather than microstructure, less emphasis will be
given on the minor waves.

The amplitudes of both the maximum and min-
imum peaks of the major wave is influenced strong-
ly by the rotational frequency of the shaft and the
capacitance spacing. As an example, a quantitative
analysis of the maximum peak measured for a silver
strip with a length fraction of 0.013, will be present-
ed. Fig. 8 shows that the magnitude of the max-
imum peak declines non-linearly from 2.8 to 0.9 V
with probe distance. It should also be noted that the
curves in this diagram have identical shape, howev-
er, they shift to higher voltages as the rotational fre-
quency increases from 10 to 25 Hz.

A mathematical equation for each curve in Fig. 8
could be derived by linearization. This is done by
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Table 1. Experimental values of ¢ and s

Frequency (Hz) c s
10 0.874 0.6
15 1.130 0.8
20 1.565 0.9
25 2.040 0.8

plotting the natural logarithm of the maximum vol-
tage (V..) against that of the distance, and then cal-
culating the slope (s) and y-intercept (y) through
linear regression. Fig. 9 reveals that the fit (r’) of
the linearized curves ranges from 0.99 to 1.00. Such
excellent r° values confirms the validity of the curve
fitting technique being applied. Rearranging the
linear equation

In(V,...) =[s x In(d)}+y (10)
yields an asymptotic expression for V,,,
Vo = C/d° (11)

where c=e’. Equation 11 takes into account the ne-
gative slope indicated by the linearized plots in Fig.
9 Table 1 shows the values of ¢ and s for each ro-
tational frequency.
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Fig. 10. Magnitude of maximum output plotted as
a function of rotational frequency.

The empirical equation for V,,, conforms with the
predicted model for the induced current (equation 7).
Both equations are asymptotic, however, the ex-
perimental values of s in equation 9 range from 0.6
to 0.9. Except for =10 Hz, these values are slightly
below 1 which is the predicted value. It should be
noted that the probe signal is acquired through cur-
rent-to-voltage conversion circuit a gain factor of
3.9% 10° V/amp. Taking these facts and equation 7
into account, the authors propose that the numerator,
¢, in the empirical equation represents a product of
the induced current, conversion factor, dielectric con-
stants and dV/dt. Among these parameters, dV/dt
which increases linearly with the rotational fre-
quency (Fig. 4), is variable. Fig. 10 shows that, at a
constant d, the magnitude of the maximum peak in-
creases linearly with the rotational frequency and
the slope for each line increases with decreasing
spacing distane.

5. Discussion/Conclusion

This study has demonstrated the applicability of
the non-vibrating capacitance probe for detecting sur-
face vanation in the work function. This variation is
reflected by the nature of the current induced by the
changing contact potential difference between the
reference electrode and the surface in question. The
magnitude of the induced current which indicates
the sensitivity of the probe, decreases asymptotically
with distance between the probe and sample, and it
increases linearly with the rate of CPD change.
These results are consistent with the theoretical

model.

A potential application of the non-vibrating capa-
citance probe is for detecting surface wear of an ob-
ject subjected to sliding contact. Based on the
results of this study, one technique is to apply a thin
coating on the sliding body that is compositionally
different from the substrate. Partial removal of this
coating due to sliding contact creates sites where the
substrate material is exposed. Formation of these
sites create lateral compositional variation, thus, het-
erogeneity in the work function of the wear surface.
This yields an induced-current pattern that is ungiue
from that of the unworn surface coating.

Another method which does not require surface
coating on the sliding object, is to detect directiy the
changes in the surface microstructure of the sliding
body. Fig. 7 shows that the microstructural variation
on the aluminum shaft. It should be noted, however,
that the magnitude of current induced by mi-
crosctructural variation is lower than that produced
by compoitional variation, by about a factor of three.
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