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Abstract—Mechanical gearboxes are frequently used in appli-
cations requiring both high reliability and long lifespans. Lubri-
cation failure can cause rapid onset mechanical failure, leading
to automotive accidents or equipment damage. Additionally, the
lubricant is difficult to characterize in-situ and expensive to
replace. To measure the contamination from water and wear
debris, the use of a microwave cavity resonator within the gear
housing is proposed. A model resonator in oil is constructed,
and its return loss is characterized as a function of contaminant
levels. Measurable trends in resonant frequency can be observed
for water-based contaminants, providing an inexpensive, contin-
uous measurement of oil lifetime without machine downtime or
chemical reagents.

I. INTRODUCTION & MOTIVATIONS

Numerous systems require the use of lubricated gearboxes,
as highlighted in Figure 1. Unfortunately, current lubricant
maintenance schedules are built around approximate load
conditions. For instance, a vehicle gearbox may require fresh
lubricant every few thousand miles, or an industrial gearbox
may require an oil change every few hundred hours. [1] [2]
Methods of determining gear wear a priori are largely based
on previous empirical data, so practical maintenance schedules
are driven by manufacturer testing using estimated loads. [3]
This approximation, and the disruptive inspections required do
not yield the optimal replacement schedule for each gearbox
relative to its load environment. This leads to excessive cost
and waste, of which over 750 million liters of lubricant oil are
improperly disposed of each year. Thus, both economic and
environmental concerns motivate the development of better
characterization techniques. [4] [5]

Existing solutions to this problem are primarily optical.
By passing a laser through a sample of oil, it is possible to
estimate the number of trapped particles, but not the level
of water contamination. [6] Laboratory chemical analyses are
also used, as well as cruder tests involving mere visual in-
spection for wear debris. [7] Neither method permits ‘on-line’
measurement of lubricant performance, and are resultingly
expensive in terms of both equipment and machine downtime.

The idea of measuring physical properties via a resonant
cavity is not new. A similar idea has been used to measure
the amount of water in crude oil (the water-liquid ratio or
“water cut”). One approach used a resonator on the side of

a flowing pipe, and measured effects on the fringe fields of
the resonator. [8] Another approach, used in commercial mea-
surement devices, is to compute the conductivity by measuring
changes in the resonant frequencies of a pipe carrying crude
oil. [9] Resonant cavities have also been used to measure the
mass of rapidly moving hydrogen pellets for fusion ignition,
or for pharmaceutical quality control, and thus these cavities
form a flexible solution to diverse problems. [10] [11]

Fig. 1. Examples of applications dependent on effective gearbox lubrication.
[12] [13] [14] [15] [16] [17]

II. APPROACH (AKA MATERIALS & METHODS)

The primary contaminants in gear lubricant are wear debris,
abrasively removed from the gears themselves, and water.
[18] [19] These contaminants affect several properties of the
oil, such as the permittivity and conductance. To quantify
the effects of these contaminants, vegetable oil is used as a
substitute for ExxonMobile SpectraSyn Plus™ synthetic gear
oil, needed due to supply issues obtaining gear oil at present.
AISI 4140 stainless steel filings and tap water are then mixed
into the oil within the resonator.

A cylindrical cavity resonator submerged in a lubricant bath
was used. The resonator was driven using a short monopole
antenna, in turn powered by the NanoVNA, a consumer-grade
Vector Network Analyzer. The signal was swept in frequency
between 1 GHz and 4 GHz, such that the resonant frequencies
and qualities were measurable. As water or steel are mixed
into the lubricant, the bulk permittivity and bulk conductivity
of the medium change, affecting resonant performance. These



Fig. 2. A diagram of the cavity resonator submerged in gear oil. The first
mode is visible as the blue curve, and an insert antenna into the resonator as
a red line linked to a driving voltage source.

parameters affect the unloaded quality factor Q0 and the reso-
nant frequency fnml of a given mode, and thus the measurable
resonator parameters are related to physical parameters.

The resonator was designed to excite the TE111 mode,
which has the lowest cutoff frequency. The probe’s orientation
forces a transverse electric mode, where the axial electric
field is sinusoidal and the radial electric field follows a
Bessel function. Modeling the resonator as a perfect cylindrical
cavity with finite conductivity metal walls and a homogeneous
dielectric, its resonant frequencies are found via equation 1,
with relative dielectric εr, speed of light c, radius R, length L,
mode numbers m, n, and l, and p′nm the mth root of the first
derivative of the nth Bessel function of the first kind. [20]
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A tin-coated steel can was used, with radius R = 32.5 mm,
and length L = 65 mm. The top was removed to allow the oil
within the can to be easily replaced, and then re-sealed with
an aluminum block to create an electrical short on both ends.
A common PAO oil, ExxonMobile SpectraSyn Plus™, has a
dielectric constant of 2.1 [21], and other sources suggest it
as 2.3. [22] [23] [24] Based on these findings, vegetable oil’s
dielectric constant of 2.5 makes it a good substitute. [25] Using
equation 1, the nominal resonant frequency of the TE111 mode
is f111 = 2.25 GHz, in the middle of the VNA’s bandwidth.

The resonant frequency of the TE111 mode is evident from
an S11 plot. The half-power bandwidth ∆f yields the loaded
quality factor QL = f

∆f ; however, coupling effects make QL
differ from the unloaded quality Q0, as shown in equation 2:
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To determine the unloaded quality factor, the fact that the
resonant system draws a circle on a Smith chart is used. First,

Fig. 3. A qualitative description of the radial and axial components of the
dominant TE111 mode excited in the resonator.

Fig. 4. S11 for a sample resonator, plotted on a Smith chart. The raw data
is trimmed such that the resulting points (blue) make a circle, to which a
least-squares circle fit (red) is applied. The resulting diameter d is used to
determine the coupling coefficient and Q0

the points outside of the circle are removed. Then, applying the
method proposed by Shadid et. al., a least-squares regression
is conducted to determine the circle’s position and diameter d,
as seen in Figure 4. [26] Using d, the coupling coefficient κ
is calculated, and thus Q0 can be determined via equations 3
and 4.

κ =
d

2− d
(3)

Q0 = QL(1 + κ) (4)

Additionally, to determine the resonator’s sensitivities to
material properties, the unloaded quality factor was linked
to the dielectric loss tangent. First, note the quality of the



can walls (Qc) and the dielectric (Qd) together constitute the
unloaded quality in equation 5.
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The Qc for the TE111 mode was then found via equations 6a
and 6b, with free-space permittivity ε0, tin-conductivity σt,
and A defined via 6a: [20]
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Finally, equation 7 relates the dielectric conductivity σd to
the loss tangent and Qd, such that equations 5 through 7 can be
combined to find the conductivity as a function of the unloaded
quality factor, or vice-versa. [20]
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III. LEGALITY, SAFETY AND ETHICS

The primary legal risk is compliance with Federal Commu-
nications Commission (FCC) transmission regulations. Over a
range of 1 GHz to 4 GHz, FCC regulations for unlicensed, low
power transmitters permit a maximum of 500 µV per meter
at 3 meters. [27] Since the NanoVNA’s default power of -15
dBm (31 µW) is used, compliance is not an issue. [28]

For personal safety, vegetable oil is of minimal concern, as
is soldering. According to its Material Safety and Data Sheet,
the oil’s only danger is flammability, and this was ameliorated
by maintaining distance from the soldering iron and any other
heat sources. [29] Similarly, eye protection while soldering,
ventilation, and observance of MIT policies is sufficient to
safely assemble all components. [30]

To a broader population, the experiment itself and its
consequences could have adverse effects. Directly, the oil
used for testing must be properly disposed of, which was
done in MIT’s Edgerton Center. Indirectly, better gear oil
management policies will harm oil manufacturers’ sales, de-
creasing demand. This is ethically manageable, however, in the
name of environmental protection, technological innovation,
and overall economic growth.

Far more perilous is the responsibility to rigorously test
any derivation of this work used in life-critical applications.
Lubrication failure and consequent mechanical binding or
fracture can have deadly effects. [31] If this in-situ technology
is used to guarantee lubricant safety, than it becomes the tech-
nology’s developers’ moral imperative to ensure its efficacy in
such contexts. This requires characterizing its limitations and
communicating them with any developers using the sensor, as
well as more generally publicizing these warnings.

IV. RESULTS

Fig. 5. The cavity resonator submerged in oil. A movable aluminum block
allows the oil to enter and exit the cavity as contaminants are added. The
SMA cable on the right connects to the NanoVNA.

Fig. 6. Plotted data for measurements of unloaded Q0 and f111 at various
steel filing concentrations within the oil. The resonant frequency is essentially
unchanged and a weak quadratic trend is observed in Q0.

Fig. 7. Data for variable water-oil mixtures, with calculated f111 frequencies
and Q0 values. Once again, a weak quadratic trend for the quality can be
seen, but an upwards sloping linear correlation between water concentration
and f111 is present with a coefficient of determination of 0.88.



Fig. 8. Using the perfect cavity equations established in section II, bulk
dielectric constants and conductivities are swept with the geometry used.
(a) The f111 frequency is purely a function of εr , and changes rapidly
with increasing dielectric constant. (b) The nominal unloaded quality factor
depends on both εr and σ, but drops off rapidly with increasing conductivities,
as is displayed in the heat-map.

TABLE I
POTENTIAL CONTAMINANTS [32] [33]

Type Typical εr Typical σ (µ S/cm)
Water 80 0.0005 — 0.05
Steel 1 7.56× 106

Aluminum 1 39.69× 106

Copper 1 59.6× 106

V. DISCUSSION

In Figure 7 a strong trend between resonant frequency
and water concentration is observed. The cavity resolution
appears to be below a mass fraction of 0.01%, which allows
for detection of typical gear oil water concentrations, around
0.02 - 0.06%. [19] Surprisingly, the direction of the trend
line is such that resonant frequency increases with water
concentration. This seemingly contradicts the analysis done
in Figure 8, which indicates that resonant frequency should
instead decrease as the bulk dielectric constant increases. A
potential explanation is that since oil floats on water, an
interface forms between the two liquids in the resonator. As
the tap water used is far more conductive than the oil, it is
hypothesized that boundary conditions on the electric field
exist on the oil/water interface, and not the bottom of the can.
This would cause the electrical length of the can to shorten,
and hence the frequency to increase as shown.

In an actual gearbox, the spinning gears would cause turbu-
lent flow within the mixture, alleviating these concerns. Ad-
ditionally, the resonator had to be sealed with the aluminium
block, and the block made inconsistent contact with the top of
the can, which could result in variance between runs. If this
system were to be implemented within a gearbox, it would
most likely be a completely sealed can, with perforations on
the side to enable oil to pass through. This would eliminate
issues with variance in the seal.

Interestingly, the introduction of steel filings had little
effect on the resonator. This is believed to be because the
concentrations of materials do not cause the bulk material
properties to change significantly. At microwave frequencies
the dielectric constant of steel becomes comparable to that of
the oil, resulting in no change to the bulk dielectric constant.
[34] Similarly, Figure 8 demonstrates that the resonator is not
particularly sensitive to changes in bulk conductivity provided
by the filings. Q0 does not change appreciably with bulk
conductivity, unless the conductivity is very low - meaning
the high conductivity of the metal filings cannot influence the
resonator’s performance.

Physical limitations of the resonator aside, there are several
possible sources of error in the experiment. First, the method
used for finding the unloaded quality factor is somewhat
sensitive to noise. There are more advanced algorithms for
extracting the quality factor, such as the QZERO program,
which also provides an error range for the resulting quality
factors. [35]. Second, the can originally contained tomato
soup, and so contained a food-safe coating. The can also has
corrugated sides, which is not modelled in the analysis.

Even if a perfect measurement of Q0 and f111 was possible,
the weak or counter-intuitive trends observed could reduce the
feasibility of this kind of sensor. It is possible that the effect
of multiple contaminants could cancel each other out, causing
a heavily contaminated oil to appear identical to clean oil. The
feasibility of this sensor could be better surveyed by testing
more contaminants in conjunction to see if this behavior is
possible. Further developers of this technology would have a
moral obligation to explore these effects in order to guarantee
that the oil is not falsely measured as clean in life-critical
applications.

VI. CONCLUSIONS

Detection of water mass fractions on the order of 0.01%
in oil is demonstrated using the resonator, but steel is unde-
tectable with the apparatus used. While this limits the device’s
current relevance, water measurement alone can resolve real-
world contamination levels, and allows for an accurate and
cost-effective sensor for water-based contaminants. [19] Future
work is still required to characterise non-metallic, non-water-
based contaminants and develop reliable sensing of total oil
contamination.
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