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Abstract — A micro-acoustic wave sensor based on the
thickness shear mode (TSM) quartz resonator has been
investigated for engine oil quality monitoring through the
viscosity measurement. Effects of the fluid mechanical and
electrical properties on the TSM resonator with both sides in
contact with the fluid have been studied and compared to the
1-sided device. Sensor prototypes based on both the 1- and 2-
sided TSM resonators have been developed and tested in
various fresh and used engine oils.

I. INTRODUCTION

Engine oils are complex, highly-engineered fluids
designed to allow proper engine performance over a long
service life. An oil that meets this goal performs a variety of
protective and functional jobs in addition to providing a
hydrodynamic film between moving components, which
include removing heat, suspending contaminants,
neutralizing acid, preventing wear and corrosion, etc.
However, the engine oil has only a finite life as the fluid
chemical and physical properties change and ultimately
degrade during use. When the oil reaches the end of its
useful life, it must be removed and replaced with fresh oil in
order to maintain engine protection. The quality/condition
of the engine oil is a measure of the oil’s ability to perform
the above functions that determines the residual useful life
of the oil.

Depending on engine types, operating conditions, oil
formulations, etc., the engine oil degrades in a variety of
different ways, which makes it very difficult for real time oil
quality monitoring to determine when to change oil. For this
reason, most engine operators, for example passenger car
owners, usually change oil at a constant time or mileage
interval according to the recommendation of the engine or
vehicle original equipment manufacturers (OEMs).
However, since the decision for the oil change is not based
on the real oil condition of the specific engine, the oil could
be changed before reaching the end of its useful life, or after
its useful life is exceeded. This could cause wasting oil and
money or reducing the engine life. To help operators better
determine when to change oil, some OEMs, especially
passenger car OEMs, have developed algorithm based
systems that monitor engine operating-parameters such as
engine revolutions, oil temperature, fuel usage, etc., to better
“estimate” oil condition. While a step in the right direction,
this type of algorithm is still not based on actual oil
condition. Off line laboratory analysis has been used in
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certain applications such as highway diesel trucks, where
the residual useful life of the oil is determined by a series of
laboratory tests. A problem with this method is the
inconvenience, expense and potential time lag associated
with taking oil samples and waiting for laboratory results.
Therefore, an on-board oil quality monitoring system based
on direct measurement of oil physical or chemical
parameters could bring not only economic benefit through
reducing service cost and equipment down time, but also
benefits the environment through maximizing the use of
engine oils [1- 3].

Due to large variations in oil formulations and oil
degradation modes, current laboratory tests of the engine oil
quality usually include measurement of a number of oil
parameters such as the viscosity, permittivity/conductivity,
soot, total base number /total acid number, oxidation,
nitration, water concentration, etc. For on-board oil quality
monitoring, permittivity type (capacitive) and viscosity
sensors have been mostly reported [4 — 7]. Even though it is
almost impossible for any single sensor principle to provide
complete oil condition information, viscosity measurement
is particularly useful in providing general and sometimes
critical indication of the oil condition when the oil is close
to the end of its useful life. Many oil failure modes can be
identified through the oil viscosity together with other oil
parameters measurement. Therefore, viscosity sensor is an
important part of the potential oil quality sensor system
especially in applications where the viscosity change is the
main result of oil degradation.

Micro-acoustic wave sensors which include the bulk
acoustic wave (BAW) and surface acoustic wave (SAW)
sensor have been widely investigated for fluid property such
as viscosity measurement for the last two decades [8, 9].
Compared to other viscosity sensors, the advantage of the
micro-acoustic wave sensor is the potential small size, low
cost, high accuracy and intrinsic digital signal output, which
makes it much more attractive for on-line viscosity
measurement. The BAW sensor based on the thickness
shear mode (TSM) in quartz is one of the most commonly
used micro-acoustic wave devices for fluid viscosity
measurement [10-12] and the mechanism of the sensor
interacting with fluids, mass and viscoelastic layers has been
well studied and understood [13 - 15]. However, in almost
all these investigations, quartz resonators with only one
electrode in contact with the fluid was used and the fluid is
primarily aqueous solutions or simple fluid systems like
solvents. There are very limited reports [16] of using quartz



TSM sensors for engine oil applications and the response of
the sensor to the property change of the engine oil has not
been well understood.

In the present study, the impedance of the quartz TSM
sensor with one and both electrodes in contact with fluids
has been tested and compared. Influence of the fluid
mechanical and electrical properties on the sensor’s series
resonant frequency, motional resistance and the parallel
capacitance has been studied. Test results of the TSM sensor
prototypes for oil viscosity measurement have been reported
for both new and used engine oils.

II. QUARTZ TSM RESONATOR WITH BOTH ELECTRODES IN
CONTACT WITH FLUIDS

Shortly after Nomura and Okuhara found that the quartz
resonator could operate in aqueous solutions with one
electrode in contact with the fluid (1-sided TSM sensor) in
the beginning of 1980s, they also found that the device
could oscillate in some organic solvents with both
electrodes in contact with the fluid (2-sided TSM sensor)
[17]. However, due to the fact that the 2-sided TSM sensor
could not work in conductive fluids and the higher liquid
damping caused larger signal noise in non-conductive
fluids, very little following up work was conducted by
researchers at that time on the 2-sided TSM sensor, who
instead chose to use the 1-sided device for their mostly
aqueous solution measurement [18]. Several years later, Yao
tested the 2-sided TSM sensor with more fluids and
confirmed some of the results Nomura obtained [19, 20].
Since then, for more than one decade, almost no work could
be found published on the 2-sided TSM sensor while in the
same time the 1-sided TSM sensor has received extensive
investigation for numerous applications.

While the pioneer research on the 2-sided TSM sensor in
the early 1980s is significant and even revolutionary, the
investigation itself is quite incomplete and the test results
are sometime confusing due to the limitation of the available
sensor driving electronics and the understanding of BAW
sensor theory [17, 19-21]. In these studies, all tests were
conducted using some very simple oscillators like single
transistor or TTL oscillators. The output of the sensor was
found to be significantly influenced by the oscillator type
[20, 21], testing cell grounding and compensation
capacitance [20], which makes it very difficult to compare
results obtained by different research groups. In addition,
some unusual behaviors were observed for the sensor
operating in fluids. For example, it was found that each
tested fluid had a critical temperature below which the
sensor stopped operating and some fluids resulted in a
frequency change in the opposite direction [20]. It is clear
from today’s understanding of the TSM sensor technology
that many of these unusual behaviors come from the driving
electronics and not from the TSM resonator. Therefore, it
would be very important to re-study the 2-sided TSM sensor
with the well established modern impedance analysis
method, which could provide the complete sensing

972

information of the device itself without any influence from
the driving electronics.

The equivalent circuit of the 2-sided TSM resonator in
fluids was reported previously [22] and is shown in Fig.1
(a). R, C; and L form the motional arm of the resonator. C,
is the static capacitance and Ry, C_ arise from the fluid
electrical properties, namely the conductivity and
permittivity. When the 2-sided TSM resonator operates in
non-conductive fluids (R =ec), the equivalent circuit model
reduces to the form shown in Fig.1 (b), where the parallel
capacitance, C,', is the combination of Cy and C;. It should
be noted that the circuit model in Fig. 1 (b) shares the same
form as the 1-sided TSM resonator in fluids.

(b)
Fig. 1. The equivalent circuit model of the 2-sided TSM resonator in fluids.
(a) General form. (b) In non-conductive fluids.

The series resonant frequency for both the 1- and 2-sided
TSM quartz resonator is:

f.=1/2x./LC, (1).
Hence, the fluid permittivity, which is related to C;, has no
effect on the series resonant frequency of the device. The
parallel capacitance of the 2-sided TSM resonator in non-
conductive fluids, Cy*, however, will change as the fluid
permittivity changes.

For the 1-sided TSM resonator operating at the
fundamental frequency, it has been found that [23, 24]

A, =1 (o0 mp )"
AR =(mpn | f,p )" 18k, C,

(2) and
3).



Here p and 7 are the fluid density and viscosity
respectively, p, and 4, are the quartz density and shear
modulus respectively; and ky° is the electro-mechanical
coupling coefficient of the substrate. Eqn. (2) and (3)
indicate that the fluid electrical property change has little
effect on the series resonant frequency and the motional
resistance of the 1-sided TSM sensor.

For 2-sided TSM resonator operating in non-conductive
fluids, it has been suggested that the sensitivity of the series
resonant frequency and the motional resistance to the
change of the fluid density and viscosity product is 2 times
higher than that of the 1-sided TSM sensor due to the
increased loading effect. However, no experimental data
was offered [22].

For the 2-sided TSM resonator operating in conductive
fluids, it can be seen from Fig.1 (a) that the R; decreases
with increasing fluid conductivity and would eventually
short the two electrodes of the device. Previous works have
shown that the resonant frequency of the 2-sided device
changes linearly with the fluid conductivity within certain
ranges [20, 21]. However, for most of aqueous solution
applications, the fluid conductivity is beyond this range and
it would be difficult for the 2-sided device to work in these
applications.

III. EXPERIMENTAL

AT-cut 5 MHz quartz TSM resonators obtained from
Maxtek Inc. (USA) were used in the study. An Agilent
4294 A precision impedance analyzer was used to measure
the impedance of the device in different fluids at room
temperature. The elements of the equivalent circuit model of
the resonator were obtained through the curve fitting of the
measured impedance. Each fluid was tested twice and the
average was reported.

Sensor prototypes based on the 1- and 2-sided TSM
resonator were developed and tested in various engine oil
samples at different temperatures. The viscosity and the
density of the oil sample were obtained using a commercial
capillary viscometer and density meter. The temperature
coefficient of the sensors was tested in a self-made heating
cell.

IV. RESULTS AND DISCUSSIONS

A. Impedance Analysis of the 2-sided TSM Resonator

The impedance magnitude and phase of the 2-sided TSM
resonator in air, water and an oil viscosity standard are
shown in Fig. 2 (a) and (b). The oil viscosity standard has a
much lower permittivity and higher viscosity than water.
Relative to air, the impedance curve of the resonator in the
oil shifts to lower frequency while the impedance peak
becomes much flattened. This response is typical for TSM
resonators subject to mechanical damping effect and
indicates that the device is affected primarily by the fluid
mechanical property changes. Relative to air and the oil, the
impedance of the resonator in water has a substantial base
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line shift in the impedance magnitude and the frequency
distance between the minimum and maximum impedance
decreases. This response is quite different from the 1-sided
TSM resonator [15, 25] and indicates that the parallel
capacitance of the resonator increases significantly as the
fluid permittivity increases.
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Fig. 2. The measured impedance magnitude (a) and phase of the 2-sided

TSM resonator in air, water and an oil viscosity standard.

Table 1 lists fluid samples tested for comparing the 1- and
2-sided TSM resonators. The viscosity and the permittivity
of these fluids range approximately from 0.3 cP (Hexane) to
40 cP (Propylene Glycol) and 1 (air) to 78 (water),
respectively [26].

TABLE 1
FLUID SAMPLES TESTED IN THE STUDY

Number
1

Samples
Air
Hexane
2-Propanol
n-Hexanol
1-Octanol
Propylene Glycol
Ethylene Glycol
Distilled Water
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The determined parallel capacitance, C, , of each fluid is
plotted in Fig. 3 as a function of the fluid permittivity. It can
be seen that the parallel capacitance of both the 1- and 2-
sided devices increases as the fluid permittivity increases.
For the 1-sided device, the change of the parallel
capacitance is mainly due to the fringing field effect and
signal output begins to saturate for fluids with the
permittivity above 20. For the 2-sided device, the change of
the parallel capacitance is mainly caused by Cp changing
with the fluid permittivity, and very little output saturation
is observed over the permittivity range tested. The much
higher parallel capacitance of the 2-sided device in high
permittivity fluids than the 1-sided device explains the
measured impedance of the 2-sided device in water shown
in Fig.2. This result suggests that more capacitance
compensation is needed in designing oscillators for 2-sided
TSM sensors.

.ISpF

2-sided device

Parallel capacitance (pF)

1-sided device

Fluid permittivity
Fig. 3. The parallel capacitance as a function the fluid permittivity.

The determined motional resistance, R, is plotted in Fig.4
as a function of the square root of the fluid density and
viscosity product (/7). It can be seen that the R of the

both devices changes linearly with /5, and the 2-sided

device has larger motional resistance than the 1-sided device
in the same fluid. This indicates that the 2-sided sensor
suffers more fluid damping effect and, therefore, may
operate over a smaller viscosity range than the 1-sided
sensor. The sensitivity of the motional resistance for the 2-
sided resonator is only about 1.3 times larger than that of the
1-sided device which is smaller than the suggestion of [22].
One reason for this difference may be the non-symmetric
electrode geometry of the resonator used in this study.
However, further theoretical and experimental work is
needed to study this issue.
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Fig.4. The motional resistance as a function of the square root
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Due to the larger fluid damping effect, the maximum
impedance phase angle of the 2-sided resonator in most of
the tested fluids is below 0°, making it impossible to derive
the series resonant frequency of the device. Since the
frequency at the minimum impedance, f,;,, is usually very
close to the series resonant frequency of the TSM resonator,
finain 18 used in the present study to compare the sensitivity
of the two sensors. Fig.5 shows the change of f;, as a
function of Jon - It can be seen that the Afj,;, dependence on

[pn 1s relatively linear for both devices and the sensitivity

of the 2-sided device is about 2.3 times higher than the 1-
sided device, which is close to the suggestion of [22]. This
result indicates that the sensitivity of the series resonant
frequency of the 2-sided TSM resonator could be larger than
that of the 1-sided TSM sensor. The fluid permittivity was
found to have no clear effect on the sensor’s response,
which agrees with the above theoretical analysis.
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Fig.5. The change of fi,, as a function of the fluid m



To study the influence of the fluid conductivity on the 2-
sided TSM sensor, 0%, 0.035% and 0.046% CaCl, water
solutions have been prepared and tested with the 2-sided
TSM resonator. The measured impedance magnitude and
phase are shown in Fig. 6 (a) and (b). As the fluid
conductivity increases, the direct feed through, Ry, between
the two electrodes decreases. When R; becomes much
smaller than the parallel impedance of the resonator, the
parallel impedance peak of the resonator vanishes.
Therefore, it can be concluded that the 2-sided TSM
resonator is not suitable for measurement in conductive
fluids.
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Fig.6. The measured impedance magnitude (a) and phase (b) of the 2-
sided TSM resonator in dilute CaCl, solutions.

B. Sensor Prototype Development and Test

Prototype sensors based on the 1- and 2-sided TSM
resonator have been developed and tested with different
engine oil samples. Fig.7 shows the response of the sensors
to a fresh engine oil sample at different temperatures. Since
the temperature coefficient of the prototype sensors was
tested to be very small, temperature effect on sensors
response was neglected in the study. It can be seen that both

prototype sensors have essential linear response to the fluid
[pn and the 2-sided sensor prototype shows a larger signal

output due to the larger liquid damping effect. The
sensitivity (slope) of the 2-sided sensor prototype is only
slightly greater than the 1-sided sensor prototype indicating
that the oscillator used in the prototype sensors may have
influenced the sensor’s response.
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Square root of the density viscosity product
Fig.7. The response of the sensor prototypes to a fresh engine oil

To test the influence of the fluid permittivity on the 2-
sided sensor prototype, several non-oil samples with
different levels of permittivity were tested along with two
oil samples. The sensor output as a function of the fluid
Jpn 1s plotted in Fig.8. Despite the large permittivity

variation of the non-oil samples, the response of the sensor
is linear with [, for all samples. This shows that the

influence of the fluid permittivity on the 2-sided sensor
prototype is insignificant. However, tests with CaCl,
solutions found that the prototype could not oscillate even
with very low salt concentrations.
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Fig.8. The response of the 2-sided sensor prototype to both oil and non-
oil samples



To study how the prototype sensors respond to used oils,
a series of oil samples were obtained from a IIIF test engine.
The IIIF is an industry standard test that uses a specially
prepared gasoline engine to rate oils’ high temperature
oxidation properties. The samples were removed from the
engine at intervals during the first 80 hours and measured in
the laboratory using both the prototype sensors and a
standard laboratory kinematic viscosity meter. The output of
the 2-sided prototype sensor and the measured kinematic
viscosity are plotted as a function of testing time in Fig. 9.
The sensor correlates well with the laboratory standard test,
indicating that the sensor output may provide meaningful
information about the oil’s viscosity. Similar results have
been obtained for the 1-sided TSM prototype sensor.
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Fig.9. The response of the 2-sided TSM sensor prototype in testing IIIF
drain samples

C. Oil Chemistry Effect

Large variations in engine oil formulations and oil failure
modes have been found to have significant impact on certain
oil quality sensors [3]. Similar behaviors were observed in
the present study for the micro-acoustic wave sensor in
certain situations. Fig.10 shows the test result of the 2-sided
TSM prototype sensor in a series of drain samples obtained
from a passenger car along with the laboratory
determined [, . It can be seen that while the sensor output

correlates well with the laboratory measurement for 0, 2.5k
and 13k miles samples, the correlation at 3.7k miles is poor.
Similar results have also been obtained for the 1-sided TSM
sensor prototype. This indicates that some factors other than
the typical fluid mechanical (density and viscosity) and
electrical (permittivity and conductivity) properties have
affected the response of the sensor. It is not clear at this
moment what mechanism caused the observed difference.
However, this result shows that fluid knowledge of the
engine oil is important when using the micro-acoustic wave
sensor for oil viscosity measurement.
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Fig.10. The response of the 2-side prototype sensor in a series of
passenger car drain samples

V. CONCLUSIONS

The quartz TSM resonator with both sides in contact with
fluids was tested in a variety of fluids with different
mechanical and electrical properties and the measured
impedance was compared with the 1-sided TSM resonator.
It is found that the 2-sided TSM resonator has larger
viscosity sensitivity while suffers more liquid damping than
the 1-sided device. The influence of the fluid permittivity on
the 2-sided device is insignificant. However, the study
confirms that the 2-sided TSM resonator is not suitable for
measurement in conductive fluids. Sensor prototypes have
been developed for both 1- and 2-sided TSM resonators and
the test results show that they may be appropriate for
providing oil quality information by monitoring the
viscosity change in some applications. However, the present
study also found that factors other than the oil viscosity and
density may have influences on the sensor response, which
indicates that the fluid knowledge is important when using
such sensors for engine oil applications.

REFERENCES

[1] C. Castanien and B. Humphrey, “Continuous lubricant quality
maintenance systems”, Proceedings of the Practicing Oil Analysis
2001, pp. 218-222.

[2] M. Graf, W. Taylor and J. Tirabassi, “Development of a Mid-Infrared
Fluid Diagnostic Sensor”, Proceedings of the Practicing Oil Analysis
2001, pp. 227 - 230.

[3] E.V. Zalar, V.F. Lvovich, K.R. Buse, C. Zhang and H.F. George, “The
role of engine oil formulations on fluid diagnostics”, SAE paper,
#2002-0102677, 2002.

[4] S.S. Wang and H.S. Lee, “The development of in situ electrochemical
oil-condition sensors, Sensors and Actuators B, Vol. 17, pp.179-185,
1994.

[5] S. S. Wang, “Engine oil condition sensor: method for establishing
correlation with total acid number”, Sensors and Actuators B, Vol.86,
pp. 122 -126, 2002.



[6] B. Jakoby, “Microacoustic sensors for automotive applications”, in
Proceedings of IEEE Ultrason. Symp., 2000.

[7] B. Jakoby, M. Buskies, M. Scherer, S. Henzler, H. Eisenschmid and O.
Schatz, “A novel multifunctional oil condition sensor”, in Proceedings
of Advanced Microsystems for Automotive Applications, 2001, pp. 157-
165.

[81 J. W. Grate, S. J. Martin and R. M. White, “Acoustic wave
microsensors”, Anal. Chem., Vol. 65, 21, pp. 940A-948A, 1993.

[9] C. Zhang, J.J. Caron and J.F. Vetelino, “The Bleustein-Gulyaev wave
for liquid sensing applications”, Sensors and Actuators B, Vol. 76, 1-3,
pp. 64-68,2001.

[10] R. Thalhammer, S. Braun, et.al., “Viscosity sensor ultilizing a

piezoelectric thickness shear sandwich resonator”, [EEE Trans.
Ultrason., Ferroelect., Freq. Contr., Vol. 45, 5, pp. 1331-1340, 1998

[11] Fabien Josse, “Acoustic wave liquid-phase-based microsensors”,
Sensors and Actuators A, Vol. 44, pp. 199-208, 1994.

[12] R.F. Schmitt, J.W. Allen, J.F. Vetelino, J.Parks and C. Zhang, “Bulk
acoustic wave modes in quartz for sensing measurand-induced
mechanical and electrical property changes”, Sensors and Actuators
B, Vol. 76, pp. 95-102, 2001.

[13] C. Zhang, and J. F. Vetelino, “Bulk acoustic wave Sensors for sensing
measurand induced electrical property changes in solutions”, /IEEE
Trans. Ultrason., Ferroelect., Freq. Contr., Vol. 48, 3, pp. 773-778,
2001.

[14] C. Zhang, S. Schranz, R. Lucklum and P. Hauptmann, “Mass effects

of quartz resonant sensors with different surface microstructures in

liquis”, IEEE Trans. Ultrason., Ferroelect., Freq. Contr., Vol. 45, 5,

pp. 1204 -1210, 1998.

R. W. Cernosek, S.J. Martin, A.R. Hillman and H. L. Bandey,

“Comparison of lumped-element and transmissionOline models for

thickness shear mode quartz resonator sensors”, [EEE Trans.

Ultrason., Ferroelect., Freq. Contr., Vol. 45, 5, pp. 1399-1407, 1998.

[15]

977

[16] J.M. Hammond, R.M. Lec, X.J. Zhang, D.G. Libby and L.A. Prager,
“An  Acoustic Automotive Engine Oil Quality Sensor”, in
Proceedings of IEEE Int. Freq. Contr. Symp., 1997, p72-88.

[17] T. Nomura and M. Okuhara, “Frequency shifts of piezoelectric quartz
crystals immersed in organic liquids”, Anal. Chim. Acta, Vol. 142,
pp.281-284, 1982.

[18] T. Nomura and M. Maruyama, “Effect of metal ions on a piezoelectric
quartz crystal in aqueous solution and the adsorptive determination of
iron (III) as phosphate”, Anal. Chim. Acta, Vo. 147, pp. 365-369,
1983.

[19] S.Z. Yao and Z.H. Mo, “Frequency properties of a piezoelectric quartz
crystal in solutions and application to total salt determination”, Anal,
Chim. Acta, Vol. 193, pp. 97-105, 1987.

[20] S. Z. Yao and T.A. Zhou, “Dependence of the oscillation frequency of

a piezoelectric crystal on the physical parameters of liquids”, Anal.

Chim. Acta, Vol. 212, pp. 61-72, 1988.

T. Nomura and M. Watanabe, “Behavior of piezoelectric quartz

crystals in solutions with application to the determination of iodide”,

Anal. Chim. Acta, Vol. 175, pp. 107-116, 1985.

T. Zhou, LH. Nie and S. Z. Yao, “On equivalent circuits of

piezoelectric quartz crystals in liquid and liquid properties, Part 17, J.

Electroanal. Chem., Vol. 293, pp. 1-8, 1990.

K.K. Kanazawa and J. G. Gordon, “Frequency of a quartz

microbalance in contact with liquid”, Anal. Chem., Vol. 57, pp. 1770-

1771, 1985.

[24] S.J. Martin, V.E.Granstaff and G. C. Frye, “Characterization of a
quartz crystal microbalance with simultaneous mass and liquid
loading”, Anal. Chem., Vol. 63, pp. 2272-2281, 1991.

[25] M.S. Yang and M. Thompson, “Multiple chemical information from
the thickness shear mode acoustic wave sensor in the liquid phase”,
Anal. Chem., Vol. 65, pp. 1158-1168, 1993.

[26] L.R. David, CRC Handbook of Chemistry and Physics, 83™ edition,
CRC Press, 2002.

[21]

[22]

[23]



	971: 971
	972: 972
	973: 973
	974: 974
	975: 975
	976: 976
	977: 977


