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ABSTRACT
A root cause of failure of many gear and bearing system failures is loss of lubrication. Arguably,
the lubrication system is the most critical part in any mechanical system because it serves many
functions including friction reduction, wear reduction, cooling, anti-corrosion, cleaning action
and sealing. A loss of lubrication leads to high friction and excessive wear in gears and bearings,
which leads to component failure. The key is to find the most effective and efficient method for
detecting lubrication loss in a closed mechanical lubrication system.

Currently, the drive

differentials for most vehicles do not possess a sensor to detect the lubrication level within the
differential casing. Due to the lack of space and the dynamics of the gear system inside of the
differentials, it is impractical to place a sensor inside of the housing. However, installing an
external sensor on the differentials is reasonable and can be an after-market addition to most
vehicles. Tests were performed on two different military vehicle differentials to determine if the
lubrication level could be detected using a vibration sensor on the outside of the main drive
differential. These tests consisted of monitoring the vibration levels generated by the differential
at different speeds and lubrication levels.

It was confirmed that, at different speeds and

lubrication levels, the vibration levels in certain frequency ranges fluctuated depending on those
two elements previously stated. By monitoring these vibrations, the lubrication level contained
within the differential can successfully be determined with a practical amount of certainty.
Future studies will focus on creating a sensor that can be installed on any differential, detect the
lubrication level and eventually send warning messages if a leak has formed. Imminent complete
lubrication loss can then be immediately corrected, preventing a catastrophic failure.
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CHAPTER 1
INTRODUCTION

1.1 Motivation
One of the key areas that contribute to transportation reliability and military readiness is the
system maintenance of the active machinery. Systematic evaluation and repair practices can
maximize the availability of this machinery.

However, the maintenance practices can be

improved by a better understanding of the failure mechanisms that exist within the machinery.
By discovering the mechanisms responsible for the experienced failure, better reliability is
achieved along with shorter down times for repair. These failures are discovered by running a
component or system to failure, shutting down the system and then conducting repairs. This
method allows for certain early failure mechanisms to be discovered but is not very cost effective.

Another method, preventative maintenance, or time-based maintenance, evolved so that
machinery components and systems could be replaced at set time intervals based on their
expected life cycle. The rated life is usually determined by statistical evaluation of speed, load
and historical fatigue life cycles for similar machines. Though preventative maintenance is an
improvement over running machines to failure, it does not take into account the current condition
of the individual components.

Because of variations within the manufacturing process and

environmental surroundings of the machines, the functional life of similar components may vary
greatly.

Also, some machinery is so complex and delicate that every time a maintenance

procedure is performed, there is a risk that the machinery could be broken or severely damaged.
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Predictive maintenance is widely used today and involves “condition monitoring” of a machine
and its components. An effective form of monitoring is vibration analysis as it provides a
parameter by which the current condition of the machine can be assessed. This is an advantage
over previous maintenance methods because machine components can be evaluated and
prioritized as to their current state of readiness. Machinery down time can be scheduled and a
maintenance plan developed to replace or repair critical components that are in the greatest need
of service. Predictive maintenance practices are more effective when the onset of a fault within a
machinery component is determined at the earliest possible time. This allows for the greatest
lead-time to plan scheduled maintenance as well as allowing for the full life cycle of the
machinery components to be exploited, which results in lower maintenance costs.

The military community sees an added benefit of predictive maintenance. By categorizing their
systems by healthiness, the readiness of their systems is identified. Military vehicles, when not
deployed, sit inactive for very long amounts of time until they are deployed with their respective
units. Also in most cases, military vehicles are actively used beyond their rated life. The
implementation of systematic and predictive maintenance practices will aid in the conservation
and inspection of these systems, therefore extending the useful life of these vehicles.
Implementing equipment monitoring along with support logistics will ensure the working order of
the equipment as well as a measure of readiness. [2]

1.2 Background
Machinery health monitoring provides the capability to evaluate the condition of mechanical
systems throughout their useful life.

The ability to accurately and consistently assess the

condition of a system depends on many factors, but one of the most important is the ability to

3
detect indications of a fault at the earliest possible time. A critical failure mode of many gear and
bearing systems is loss of lubrication. Realistically, the lubrication system is the most critical
part in any mechanical system because it serves many functions including: friction reduction,
wear reduction, cooling, anti-corrosion, providing cleaning action and sealing.

Losses of

lubrication lead to high friction and excessive wear in gears and to contacting surface
deterioration in bearings, which leads to component failure.

The key to machinery health

monitoring is to find the most effective and efficient method for detecting lubrication loss in a
closed mechanical lubrication system.

In 2004, an analysis was conducted at The Pennsylvania State University Applied Research
Laboratory to determine the top degraders of availability and reliability of the Light Armored
Vehicle (LAV), an air transportable, all-terrain, all-weather vehicle used by the U.S. Marine
Corps. The primary function of the LAV is to provide strategic mobility to reach and engage
enemy threats and to conduct reconnaissance operations. If the vehicle loses its mobility, it
would be unable to complete its primary function. The U.S Marine Corps LAV is shown in
Figure 1.
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Figure 1: Light Armored Vehicle (LAV)

The analysis showed that differential failure was one of the top degraders of the vehicle. The
LAV has four differentials, each with its own splash type lubrication system. A failure in one
differential only affects that specific differential but would greatly hinder or limit the vehicle’s
mobility. The degrader assessment for LAV mobility was based upon several factors including
frequency of part replacement, ranking the severity of the consequences of failure of each subsystem upon the primary vehicle function of mobility, logistic delay time for obtaining
replacements parts and the ease of diagnosing and isolating faults for each sub-system. The data
indicated that the root cause of failure for differentials is typically a loss of lubrication due to
extreme operational environments, vehicle inactivity and maintenance issues. A standard method
for diagnosing lubrication loss and mechanical faults during operations is to monitor the
temperature of the differential casings.

If these sub-systems are experiencing excessively high
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temperatures on the casing, the vehicle is flagged for inspection or maintenance. An automated
vehicle health monitoring system that can detect and isolate gear and bearing faults within each
differential as well as provide an indication of low lubrication level would greatly improve the
reliability and availability of the LAV. [1]

Figure 2: Automotive Differential Cut-Away

Figure 2 shows a common automotive differential system and its components. The differential is
designed to drive a pair of wheels while allowing them to rotate at different speeds. This is
necessary when the vehicle turns, allowing the wheel that is traveling around the outside of the
turn roll farther and turn faster than the inner wheel, which needs to travel a smaller distance.
Torque is supplied from the engine, via the transmission to a drive shaft, which spins the
universal joint. A spiral bevel pinion gear rotates with the universal joint, meshing with the large
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ring gear that is attached to the carrier that contains the planetary gears containing the differential
and axle side gears. The two sun wheel gears are aligned on the same axis as the ring gear and
drive the axle shafts that are connected to the wheels. The other two planet gears are aligned
perpendicularly to the axles and rotate around them allowing each axle to move at different
rotational speeds. The rotation of the ring gear is always the average of the rotations of the axle
side gears. For example, if a vehicle is making a right turn, the ring gear may make ten full
rotations. During that time the left wheel will make twelve rotations because it has further to
travel and the right wheel will make eight rotations because it will need to make fewer rotations
since it has a less distance to travel. If the vehicle is traveling in a straight line, there will be no
differential movement of the planetary system of gears.

There are many choices for conducting lubrication loss monitoring on differentials but due to the
dynamics of the system and space constraints inside the differential, it is ineffective for an
internal sensor to exist and to accurately measure the lubrication level. Temperature monitoring
can be an effective health monitoring technique but it is limited in that it has a slow reaction time
relative to the fault degradation time of the mechanical system components. Temperature does
not provide an early indication of lubrication loss and by the time the temperature increases to a
noticeable level, the damage inside is already done. However, it may prove to be advantageous to
use a sensor on the outside of the differential to monitor the vibrations generated and determine
the lubrication level within the differential casing. Vibration analysis is one of the most effective
techniques for diagnosing mechanical system faults.

Many vibration-based techniques have

proven to be sensitive and early indicators of bearing and gear faults in mechanical systems and
vibration sensors are already used to detect these bearing and gear faults in some differentials.
The use of vibration sensors in the detection of low lubrication level would provide for a much
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simpler and efficient sensor implementation and could serve the dual purpose of detecting
multiple types of faults.

To determine if vibration analysis could be an effective indicator of lubrication level, a series of
tests were performed on an LAV at The Pennsylvania State University Applied Research
Laboratory. These tests consisted of monitoring the vibration levels and collecting data on the
two LAV rear differentials with Piezotronics PCB 353B16 accelerometers epoxied to a structural
bolt on each differential as shown in Figure 3. Accelerometer one was attached to differential
three, which acted as the control differential as the lubrication level was not changed throughout
the test. Accelerometer two was attached to differential four, which acted as the test differential
where the lubrication level was changed for the three different tests conditions. The Piezotronics
PCB 353B16 accelerometers have a resonance around 70 kHz and were sampled at 102.4 kHz
with the data acquisition system.
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Figure 3: LAV Sensor Setup

The testing consisted of driving the vehicle at approximately 30 mph, while taking four 10second snapshots at each of three different test conditions. The first test condition acted as the
baseline run with full lubrication levels in both differentials. The second test condition involved
removing 50% of the lubrication from differential four. Finally the third test condition involved
removing all of the lubrication from differential four.

The purpose of this analysis was to determine which frequency bandwidth reflects a change in
vibrations that correlated to a change in lubrication level in the differential. The first step of the
analysis consisted of generating power spectral density plots of the data from 0 Hz to 50 kHz for
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both accelerometers for all three test conditions. These powers could then be compared to one
another, verifying whether or not there was a difference in the generated spectral power levels
that would correlate directly to a change in lubrication level.

Figure 4: LAV Test Results - PSD

The data in Figure 4 represents the spectral power measured by Accel 1 located on the test
differential.

The black data represents the measured spectral power at 100% lubrication

(baseline), the blue data represents the measured spectral power at 50% lubrication, and the red
data represents the measured spectral power at 0% lubrication.

Figure 4 shows a significant

increase in the spectral power generated by the differential as the lubrication level decreases,
proving that vibration monitoring is a viable option for lubrication level diagnostics. Figure 4
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also depicts dramatic change in amplitude exists from 15 kHz to 24 kHz, as well as broad
resonances around 10 kHz and 18 kHz. Also, a very sharp and distinct resonance can be found
around 31 kHz that could correspond to a mechanical resonance of the structure. [1]

One of the goals of this research is to confirm the results of the tests performed in 2004 and to
expand on the information that can be collected and extracted from the vibrations generated by
these differentials. This information will then be used to design an algorithm to successfully
monitor the lubrication level within the differential casing.

This algorithm could then be

packaged into a sensor that would be able to send messages to the vehicle operator notifying them
of the status and health of the vehicle’s differentials.

1.3 Thesis Outline
Chapter Two and Three of the thesis will outline the experiment design and analysis of the
vibration data collected on a new test vehicle in hopes to aid in the verification of the tests
performed and discussed in Chapter One.

Chapter Two will contain a description and

explanation of the experimental design and test conditions. The tests were performed on a
General Dynamics Stryker, rather than an LAV, which will verify the cross-platform capability of
this lubrication level detecting technology. The use of more accelerometers and accelerometer
locations will also be explored and examined. Chapter Three will then present the analysis of the
test data resulting from the data collected, described in Chapter Two. Chapter Four will offer
considerations for a future sensor design as well was what experiments to expand on to
successfully create an algorithm to implement in the sensor design.

Chapter Five through

Chapter Six will present the test design and analysis for a series of tests performed on an Oshkosh
HEMTT A4, which will further help verify the cross-platform capability of this lubrication level
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detecting technology. Chapter Seven will focus on the design of a lubrication level-monitoring
sensor that could be implemented on all three of the test vehicles but will be verified on the
Oshkosh HEMTT A4. The final chapter, Chapter Eight, summarizes the research and suggests
topics for future research as well as considerations for creating a physical vibration-based
lubrication level-monitoring sensor.

CHAPTER 2
GENERAL DYNAMICS STRYKER EXPERIMENT

2.1 General Dynamics Stryker Test Vehicle
The goal of this research is to develop a sensor for monitoring the lubrication level as well as the
condition of the differentials used in light military armored vehicles. This research builds upon
previous research, which gave a preliminary indication that the use of an externally mounted
vibration sensor was a feasible technique to monitor the lubrication level within the differential
casing. This research will explore the uses and limits of an externally mounted vibration sensor
as well as to identify optimal mounting locations for the accelerometers. In addition, optimal
processing and analysis parameters to assess lubrication level based on vibration measurements
will be investigated. The vehicle used in these preliminary tests was a General Dynamics Stryker
shown in Figure 5. The use of this vehicle as well as a pilot to perform the tests was provided by
the Pennsylvania Army National Guard 28th Infantry Division and the 56th Stryker Brigade
Combat Team.
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Figure 5: General Dynamics Stryker Test Vehicle (Infantry Carrier Variant)

Like the LAV, the General Dynamics Stryker is an eight-wheeled armored fighting vehicle and
its drivetrain consists of four differentials, each with its own closed splash type lubrication
system. Also like the LAV, the Stryker can be driven in four-wheel and eight-wheel drive. In
four-wheel drive, the two rear differentials are engaged and the front two differentials are free
spinning. In eight-wheel drive, all four differentials are powered by the drivetrain. These series
of tests were done with the Stryker in four-wheel drive. Fortunately, the drivetrain differentials
that are used in the Stryker family of vehicles are almost identical to that of the LAV. This will
assist in the verification of the research performed previously.
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2.2 Experiment Design
Similar to the tests done previously, these tests consisted of monitoring the generated vibration
levels and collecting the vibration data on the two rear differentials.

Instead of using one

accelerometer on each differential, five accelerometers were placed on each differential in hopes
to achieve a better understanding of the generated vibrations on the casing of the differential. In
addition to monitoring the generated vibrations, the temperature of each differential casing was
monitored as well as the rotational speed of the input driveshaft that drives the third differential,
driver and passenger axles, and the output driveshaft connecting the third differential to the
fourth. Unlike the tests done previously, the third differential was used as the test differential and
the fourth differential acted as the control differential. This test setup is shown in Figure 6.
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Figure 6: General Dynamics Stryker Sensor Setup

To verify the previous tests performed on the LAV, a Piezotronics PCB 353B16 accelerometer
was epoxied to the same structural bolt as before on the LAV. Three additional Piezotronics PCB
353B16 accelerometers were epoxied to the differential casing as well, in pre-determined
locations. The Piezotronics PCB 353B16 accelerometers have a resonance of approximately 70
kHz and were sampled at 100 kHz by the data acquisition system. Finally, an all-in-one IMI
622A01 accelerometer and temperature sensor was epoxied to the side of the differential casing.
The IMI 622A01 accelerometer has a resonance of 20 kHz and was also sampled at 100 kHz.
The lower resonance of the IMI 622A01 caused the accelerometer function of this sensor to
contribute minimally to the data analysis, but the temperature function and rugged structure of the
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sensor is what was desired. The sensor setup for the fourth differential was identical. A better
view of the sensor placement for the test differential is shown in Figure 7.

2.2.1 Sensor Placement and Data Acquisition System Setup

Figure 7: General Dynamics Stryker Sensor Setup - Differential Three (Test Differential)

From the results that originated from the data collected on the LAV, it can be established that the
generated spectral power increases as the lubrication level decreases.

It is important to

understand that these differentials utilize a closed-splash lubrication system. In a closed-splash
lubrication system, lubrication is splashed up from the lubrication pan in the lower part of the
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differential housing. As the lubrication level decreases, less and less lubrication will stay in the
lower lubrication pan at the lower part of the differential housing.

To expand on the research that was done previously on the LAV, Accel 1, a Piezotronics 353B16
accelerometer, was epoxied to the back of the differential, just under the full lubrication static
level, in hopes to exploit the depletion of the lubrication bath and measure a more extreme
increase in generated spectral power when the bath is depleted. Accel 2, a Piezotronics 353B16
accelerometer, was epoxied to the side of the differential shell, above the driver-side axle. By
placing an accelerometer at the top of the structure, close to where the pinion gear meets the ring
gear, changes in the amplitude of the gear mesh frequencies as well as other rotational
frequencies will be able to be monitored clearly. Accel 3, a Piezotronics 353B16 accelerometer,
was epoxied on the lowest part of the differential, which houses the lubrication bath. Accel 4, a
Piezotronics 353B16 accelerometer, was epoxied on the bolt head of a structural bolt that holds
the two sides of the differential shell together. This was the position of the accelerometer used in
the LAV tests. It is essential to verify the findings of the previous research as well as to
understand the phenomena causing the generated spectral power to increase, so it is important to
use the same sensor location. Having multiple similar accelerometers in these positions will also
allow the vibration response to be monitored in all three-principle axes. Finally, Accel/Temp 1,
an IMI 622A01 accelerometer and temperature sensor, was epoxied to the side of the differential
casing. As was stated before, the sensor selection and placement was identical on the fourth
differential.

To better understand the dynamics of the system and to better relate the generated vibrations to
vehicle speed, TMS laser tachometers were placed on the driver and passenger axles using
magnetic mounts to monitor and record the rotational speed of the axles. These TMS laser
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tachometers monitor the rotational shaft speed by tracking a retro-reflective target that was
applied to the flat surfaces of where the axle meets the differential. The laser tachometers
placement can be seen in Figure 8.

Figure 8: General Dynamics Stryker Driver And Passenger Side Axle Laser Tachometer
Placement

As well as monitoring the rotational speed of the driver side and passenger side axles, the
rotational speed of the input driveshaft and output driveshaft were monitored. LaserTach 1 is
mounted on the passenger side of the Stryker and is monitoring the rotational speed of the
passenger side axle. LaserTach 2 is mounted on the driver side of the Stryker and is monitoring
the rotational speed of the driver side axle. To monitor the rotational speed of the input and
output driveshaft, LaserTach 3 and LaserTach 4 were mounted perpendicular to the input and
output drive shafts. The cleanest mounting position for LaserTach 3 was above the input drive
axle, which made it difficult to capture a picture of its position. However, its position was very
similar to that of LaserTach 4, shown in Figure 9.
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Figure 9: General Dynamics Stryker Output Drive Shaft Laser Tachometer Placement

During the tests, the lubrication level in the control differential remained unchanged for
comparison to the data captured on the test differential. It would be significant, if it is observed
that the vibration levels measured on the control differential were affected by the increased
vibration levels generated by the test differential, due to a loss of lubrication. Factors such as
road conditions may also cause a change in vibration levels.

Monitoring these generated

vibration levels on the control differential will explore these possibilities. The sensor setup for
the control differential is shown in Figure 10.
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Figure 10: General Dynamics Stryker Sensor Setup - Differential Four (Control Differential)

Cables for all sixteen sensors were routed through the Stryker’s hull and recorded using a
National Instruments chassis containing two National Instruments eight-channel, 24 bit, dynamic
signal acquisition devices for making high-accuracy audio-frequency measurements.

The

National Instruments chassis was connected to a laptop containing the data acquisition software.
This setup is shown in Figure 11.
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Figure 11: General Dynamics Stryker Data Acquisition System

2.3 Test Procedures
Unlike the tests done previously, these tests included extra lubrication level test conditions. With
multiple as well as smaller, incremental lubrication level test conditions, the precision of a
vibration-based lubrication level-monitoring sensor could be assessed and understood with more
accuracy. Instead of monitoring the vibration levels at 100%, 50% and 0% lubrication levels, the
vibration levels were monitored and collected at 100%, 75%, 50%, 25% and 0% lubrication
levels.
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Similar to the previous LAV tests, the vehicle was driven at a constant 30 mph while taking four
15-second data snapshots at each of the five different test conditions.

Test condition one

consisted of the baseline run with full lubrication levels on both differentials. Test condition two
through five involved removing 25% of the original lubrication volume from the test differential
at each test condition while the lubrication level in the control differential remained unchanged.
To record the exact lubrication levels and to maintain test repeatability, both the test and control
differential were filled to the working maximum lubrication level prior to test phase one. The
procedure used to fill these differentials involves the mechanic using an eyeglass to evaluate how
much lubrication is in the differential. If the differential is in need of extra lubrication, the
differential is then filled to “about the middle” of the eyeglass. The maintenance manual suggests
that the mechanic should use 2.54 quarts of lubrication to fill each differential. For these tests,
the 100% lubrication level will reflect 2.54 quarts of lubrication. The other four levels (75%,
50%, 25% and 0%) will be based on this total, which will result in approximately half of a quart
being removed before every test condition. To ensure that half a quart will be taken out after
each phase of the tests, the removed oil was measured with a standard measuring cup. The
differential eyeglass is show in Figure 12.
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Figure 12: Eyeglass Used To Measure Lubrication Level in General Dynamics Stryker

Unlike the tests previously performed, these experiments consisted of a test that involved
monitoring the generated vibration levels as the vehicle was moving from 0 to 30 mph. These
runs lasted 15 seconds as well and the operator increased the speed of the vehicle as linearly as
possible.

Understanding the origins of the vibrations is an important aspect to vibration

monitoring. Vibrations that originate from the structure of the differential do not change with the
rotational speed of parts inside, unlike gear mesh frequencies and other rotational related
frequencies that are affected by a change in speed. Using this analysis and comparing it to the
steady-state vibration analysis, will lead to a deeper understanding of the generated vibrations of
the differential system. Like the steady-state test, test condition one acted as the baseline with
full lubrication levels on both differentials while test conditions two through five involved
removing 25% of the initial lubrication volume from the test differential while the lubrication
level in the control differential remained unchanged.

CHAPTER 3
GENERAL DYNAMICS STRYKER EXPERIMENT RESULTS AND ANALYSIS

3.1 Verification of Previous Test Results
To verify the previous experiments performed in 2004, which presented that a change in
generated vibration level that could be correlated to a change in lubrication level, single-sided
power spectral density plots, or PSD’s, were generated from the data collected from the constant
30 mph tests. From these PSD’s, the true acoustic power in any portion of the frequency
spectrum can be determined.

To construct the power spectral density function, Parseval’s

theorem can be used. For continuous functions, if x(t) and X(f) are Fourier Transforms of each
other, then the energy in the time domain equals the energy in the frequency domain. If a finite
length of time, 0 to some T seconds is selected; Parseval’s theorem can be written as Equation 1.
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Equation 1

It is important to note that in Equation 1, Xm is the linear spectrum, which is the output of the Fast
Fourier Transform function multiplied by ∆t. The single-sided power spectral density function,
which will be used to determine the true spectral power of the data collected, can then be defined
as shown in Equation 2.
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Gxx is defined over all values of m for which there are corresponding points in the negativefrequency spectrum and for the two end points of the positive-frequency spectrum shown in
Equation 3.
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By using Equation 2 along with Equation 3, the single-sided PSD obeys a simple form of
Parseval’s Theorem, shown in Equation 4.
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Equation 4

To verify the previous results of the 2004 tests, the data collected from the accelerometer in the
same test location will be used; this sensor location corresponded to Accel 4 and Accel 8 (see
Figure 7 and Figure 10 for accelerometer placements). After calculating the power spectral
density, the data was plotted from 0 Hz to 50 kHz for both accelerometers. The horizontal axis of
these plots represents the full frequency range of the spectral power and is measured in Hz. The
vertical axis represents the magnitude of the spectral power and is measured in g2/Hz. This
magnitude is shown in the decibel (dB) scaling, which is 10 times the log-based 10 of the
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measured power divided by a reference power. For this research, the reference power used was 1
g2/Hz. [3]

The power spectral density computation used for this research was implemented using Matlab
2012a software. The power spectral density computation used an averaged 16,384-point FFT
along with a 16,384-point Hanning window with 50% overlap, resulting in a frequency resolution
of approximately 6.1 Hz. Refer to Appendix A – Matlab Code for the power spectral density
Matlab program.

3.1.1 Test Condition One Results – 100% Lubrication Baseline Data
The baseline data was evaluated to characterize the power spectrum output for both the test and
control differentials for the fully lubricated test condition. This data is shown in Figure 13. The
blue data represents the spectral power measured by Accel 4, located on the test differential and
the black data represents the spectral power measured by Accel 8, located on the control
differential. By comparing the data collected from the test differential to the control differential
for each test, the generated spectral power associated with each lubrication level can be evaluated
at consistent speeds and loads.
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Stryker Accel 4 vs. Accel 8 − PSD − 100% Lubrication
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Figure 13: General Dynamics Stryker - Test Condition One Results - 100%
Lubrication Baseline - PSD

Between 15 kHz and 25 kHz, the baseline data indicates that the measured spectral power is
approximately 5 dB higher on the test differential than the control differential. There also seems
to be 2 to 3 dB difference between the spectral powers at a resonant frequency at approximately
31 kHz, which matches the results collected from the previous tests performed almost ten years
ago. As stated before, the differentials used by the LAV and the General Dynamics Stryker are
very similar so similar spectral characteristics would be expected. Above 42.5 kHz, the control
differential seems to have a 3 to 4 dB higher vibration energy level than the test differential.
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It is important to note that the noise floor of the data acquisition device has been included in
Figure 13. The noise generated by the data acquisition system is approximately 20 dB lower then
the lowest point of the measured spectral power, providing an adequate signal to noise ratio. It is
essential to understand how these spectral powers compare to the noise provided by the test
equipment.

3.1.2 Test Condition Two Results - 50% Lubrication
The next data set represents the second test condition when the test differential contained 50% of
the baseline lubrication while the control differential remained unchanged and contained full
lubrication. Figure 14 shows the power spectrum associated with this test condition. Again, the
blue data represents the spectral power measured by Accel 4, located on the test differential and
the black data represents the spectral power measured by Accel 8, located on the control
differential.
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Stryker Accel 4 vs. Accel 8 − PSD − 50% Lubrication
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Figure 14: General Dynamics Stryker - Test Condition Two Results - 50%
Lubrication Level - PSD

The results for the spectral power generated by the control differential are nearly identical to the
results seen in test one, the baseline data. From the data shown in Figure 14, it can be speculated
that a lower lubrication level in the test differential doesn’t influence the spectral power generated
by the control differential.

However as expected, the spectral power generated by the test

differential is much higher than the results shown for the baseline data. Compared to the control
differential, the test differential generates a much higher concentration of spectral power between
7 kHz and 40 kHz. Although between 0 Hz and 7 kHz, the spectral power generated by both
differentials are approximately the same. The spectral power is almost 12 to 15 dB higher
between 15 kHz and 25 kHz on the test differential when compared to the control differential.
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For test condition one, shown in Figure 13, the difference in the measured spectral power in this
frequency range was approximately 5 dB. For test condition two, Figure 14 shows an increase of
7 to 10 dB spectral power in this frequency range.

3.1.3 Test Condition Three Results – 0% Lubrication
The next data set represents the third test condition when no lubrication was present in the test
differential and the control differential remained unchanged, containing full lubrication. The
power spectrum associated with this test condition is shown in Figure 15. It is interesting to note
that during this test, a distinct high frequency “squeal” was present as the Stryker performed this
test condition. From just listening to the signals generated by the vibrations coming from the
differentials, from within the hull of the Stryker, it was obvious that the measured spectral power
would be much higher than that of the previous two test conditions. Again, the blue data
represents the spectral power measured by Accel 4, located on the test differential and the black
data represents the spectral power measured by Accel 8, located on the control differential.
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Stryker Accel 4 vs. Accel 8 − PSD − 0% Lubrication
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Figure 15: General Dynamics Stryker - Test Condition Three Results - 0% Lubrication Level PSD

Similar to the previous two test conditions, the spectral power generated by the control
differential is nearly identical to the results seen in test condition one and test condition two.
Between 7 kHz and 40 kHz the spectral power in the test differential has increased dramatically.
Between 15 kHz and 32 kHz, the spectral power generated by the test differential is nearly 25 dB
higher than that of control differential. However, from approximately 0 Hz to 5 kHz, the spectral
power is nearly the same for all three test conditions and appears to not be affected by a change in
lubrication level. These frequency ranges would contain the resonances that would correspond to
the gear mesh frequencies as well as other rotational frequencies that correspond to the velocity
of the moving parts within the differential.
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It is essential to understand how the vibrations generated by the control differential are affected
by a loss of lubrication in the test differential. If the vibrations generated by the test differential
due to a loss of lubrication were completely isolated, it would be more significant to compare the
generated spectral power of the test differential to itself at the different test conditions; rather than
to compare the spectral power at each test condition to the control differential, which appears to
decrease as the spectral power generated by the test differential increases. To confirm this slight
decrease in spectral power on the control differential, all three test conditions were compared to
each other for the control differential. These measured spectral powers generated by the control
differential are shown in Figure 16.
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Figure 16: General Dynamics Stryker - Control Differential Comparison - All Three Test
Conditions – PSD
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In Figure 16, the spectral power generated by the control differential for each of the three test
conditions is shown. The black data represents the measured spectral power generated by the
control differential when the test differential contained full lubrication, the blue data represents
the measured spectral power generated by the control differential when the test differential
contained 50% lubrication and the red data represents measured spectral power generated by the
control differential when the test differential contained no lubrication. The slight decrease in the
spectral power generated by the control differential as the lubrication level in the test differential
decreased is clearly conveyed in Figure 16. It is counterintuitive to think that as the spectral
power generated by the test differential increased, the spectral power generated by the control
differential decreased. It is even more interesting that the same frequency ranges that appear to
increase in spectral power on the test differential due to a loss of lubrication are the same
frequency ranges that decrease in spectral power on the control differential. The 0 Hz to 5 kHz
and 35 kHz to 50kHz ranges of the spectrum are the only frequency ranges where the spectral
power stayed consistent though the changing test conditions. The only mechanical link between
the two differentials that would transfer the vibration energy is the thick-walled hollow steel drive
shaft that connects the two differentials. Conventional wisdom would suggest that the existence
of higher spectral power generated by the test differential would increase the measured spectral
power corresponding frequency bands on the control differential significantly, not lower them.

A more advantageous look at the collected data for this these test conditions would be to compare
the spectral power generated by the test differential at each test condition to itself, rather than of
comparing the spectral power generated by the test differential to the control differential. In
Figure 17, the spectral power generated by the test differential is compared to each other for the
three previous test conditions.
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Test Comparison − PSD − Stryker Accel No.4
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Figure 17: General Dynamics Stryker - Test Differential Comparison - All Three
Test Conditions - PSD

In Figure 17, the spectral power generated by the test differential for each of the three test
conditions is shown.

The black data represents the measured spectral power for the test

differential with full lubrication, the blue data represents the measured spectral power for the test
differential with only 50% lubrication and the red data represents the measured spectral power for
the test differential with no lubrication.

The increase in spectral power from the first test

condition to the third test condition is apparent in the previous figures, however, by comparing
the spectral power generated by the test differential to itself, the true transformation of the
spectral response from test condition to test condition is more obvious. As seen in previous
figures, from 0 Hz to approximately 5 kHz, it is hard to differentiate between the spectral power
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corresponding to the different levels of lubrication. Conversely, from 5 kHz to 50 kHz, the
separations between the spectral powers are extremely clear. A region of interest was from 15
kHz to 24 kHz, where the increase in spectral power appeared to be equally spaced, which would
suggest that as lubrication level decreased by smaller increments, the increase in spectral power
would be linear. A clearer view of the 15 kHz to 24 kHz spectral responses is shown in Figure
18. The data in Figure 18 shows an increase of approximately 15 dB, in the 15 kHz to 24 kHz
frequency range, as the test differential transitioned from full lubrication to no lubrication.
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Figure 18: General Dynamics Stryker - Test Differential Comparison - All Three Tests –
Narrowband PSD
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The goal for this section was to analyze the newly collected data from this research with the
intent to verify the results presented using the data collected in the 2004 tests. Figure 17 shows
very similar results to the results found previously and confirms the rationale for the
implementation of a vibration-based lubrication level-monitoring sensor. The previous results
showed a 15 dB increase in the spectral power generated from the LAV differential when
transitioned from full lubrication and no lubrication. The newly collected data from the Stryker
along with the results shown in Figure 18 show a 15 dB increase in the spectral power generated
as well, successfully verifying the previous work performed on the LAV. These results also
verify that a vibration-based lubrication level-monitoring sensor is an effective and practical
lubrication level-monitoring technique.

The General Dynamics Stryker maintenance team located at the Pennsylvania Army National
Guard 28th Infantry Division were involved in the supervision of the removal of the lubrication
within the differential during these exercises. It is important to note that these testing procedures
did not damage the differentials during the testing exercises. The vehicle was not in operation
long enough at low lubrication levels to inflict any damage to the internals of the differentials.

3.1.4 Augmentation To Previous Test Conditions
In the last section an interesting theory was formed, if the generated spectral power corresponding
to the three test conditions increased in equal increments, shown in Figure 18, would the
generated spectral power corresponding to smaller increments of removed lubrication be equally
spaced? In other words, if the test conditions consisted of decreasing the lubrication level by
25% rather than 50%, would the generated spectral power in the 15 kHz to 24 kHz frequency
range increase exponentially as the lubrication decreases?

Coincidentally, unlike the tests
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performed in 2004, the vibrations were monitored and collected for lubrication levels of 25% and
75%, which allowed for this theory to be explored. Understanding how smaller increments of
lubrication affect the generated vibrations will allow for a sensor to exist with higher accuracy.
Figure 19 includes the measured spectral power from the test conditions when the test differential
contained only 75% and 25% of the initial lubrication as well as the data presented in the last
section for the measured spectral power associated with the 100%, 50% and 0% lubrication
levels.
Test Comparison (Including 25% and 75% Oil) − PSD − Stryker Accel No.4
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Figure 19: General Dynamics Stryker - Test Differential Vibration Level Comparison – All Test
Conditions - PSD

In Figure 19, the cyan data represents the measured spectral power generated by the test
differential containing 75% of the initial lubrication level and the magenta data represents the
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measured spectral power generated by the test differential containing 25% of the initial
lubrication level. Based on the results presented in Figure 19, the spectral power associated with
the 25% and 75% lubrication levels increased similarly to the spectral power generated when the
differential only contained 50% of the initial lubrication level. This data, provided in Figure 19,
proves that the spectral power does not actually increase exponentially, as was theorized in the
last section. However, after approximately 31 kHz the spectral power associated with the 25%,
50% and 75% lubrication levels start to separate and a difference in spectral power can be
detected.
differential.

This occurrence can be attributed to the functionality of a closed-splash type
At full lubrication levels, a large pool of lubrication exists in the bath of the

differential that allows for the interfaces between the planetary gear set and the ring gear to be
completely lubricated, allowing for the least amount of friction as the gears rotate around each
other. As the level decreases, that bath starts to deplete and as a result, the interfaces between the
internal gears begin to lose their coating of lubrication, creating more metal to metal contact
between the planetary gear set and the ring gear. This leads to an increase in the amount of
friction between the planetary gear set and ring gear, causing an increase in vibration energy
within the differential casing. Figure 19 suggests that at 25% and 75% lubrication levels within
the differential, there is enough lubrication existing in the bath to coat the rotating gears enough
to only generate the same amount of spectral power as the spectral power associated with a 50%
lubrication level.

Because the spectral power generated between the 25%, 50% and 75% lubrication levels are
difficult to distinguish, a limitation of the future vibration-based lubrication level-monitoring
sensor is discovered. A vibration-based sensor would only be capable of differentiating if the
differential was full, half-full, or empty. For the applications of this research, this capability will
prove to be sufficient.
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3.2 Additional Accelerometer Placement Data and Analysis
As stated in the previous section, it is more beneficial to analyze the vibrations generated by the
test differential at the different lubrication levels, rather than comparing between the test and
control differential. This section compares the vibrations associated with the five lubrication test
conditions for the additional accelerometer locations on the test differential. Fortunately, this
experiment allowed for the vibrations to be monitored in all three-principle axes, allowing the
structural vibrations generated by the differential to be further explored. Understanding what
vibrations are experienced and where these vibrations are experienced, will aid to the complete
understanding of this system, as well as help aid the future sensor design.
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3.2.1 Accelerometer Placement 1 – Accel 1

Figure 20: General Dynamics Stryker - Accel 1 Location – Test Differential

The placement of Accel 1 is shown in Figure 20. The sensor was placed on the back of the
differential, on the same horizontal plane as the level of lubrication when the differential is full
and not engaged. The expectations for this accelerometer were to exploit the depletion of the
lubrication bath and measure a more extreme increase in vibration energy as the lubrication bath
depleted below the “full” level. The spectral power generated by this sensor is shown in Figure
21.

Unlike the spectral power generated by Accel 4, these spectral power levels show no

apparent resonances or frequency ranges in which the levels are noticeably higher.
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Stryker Test Differential − Accel 1
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Figure 21: General Dynamics Stryker - Accel 1 Test Results - All Test Conditions - PSD

As was seen in the results from Accel 4 in Figure 19, between 0 Hz and 5 kHz, it is hard to
distinguish between the spectral power corresponding to the different levels of lubrication.
Unlike the results from Accel 4, there isn’t an equal separation in the generated spectral power
between the 100%, 50% and 0% lubrication level test conditions. Also, the spectral power
resulting from the 25% and 75% lubrication level test conditions respond chaotically. The
spectral power corresponding to these lubrication levels don’t respond similarly to the spectral
power generated by the 50% lubrication level test condition, as the spectral power measured from
Accel 4 did. In some frequency ranges, such as 10 kHz to 20 kHz, there are no clear separations
between the spectral powers generated from the different lubrication level test conditions. Also
in this frequency range, the generated spectral power corresponding to the 25% and 75%
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lubrication level test conditions have almost the same spectral power as is associated with the 0%
lubrication level test condition. Instances such as these cause this accelerometer location to be
inconsistent through certain frequency bands resulting in uncertainties. The location that will be
used for the future external vibration based lubrication level sensor must be consistent so that the
lubrication level can be accurately monitored with a practical amount of certainty.

Above

approximately 37.5 kHz, a clearer separation in the generated spectral power starts to form, which
would be more ideal for a sensor to monitor.
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3.2.2 Accelerometer Placement 2 – Accel 2

Figure 22: General Dynamics Stryker - Accel 2 Location – Test Differential

The placement of Accel 2 is shown in Figure 22. Accel 2 was epoxied to the side of the
differential shell, above the driver-side axle. By placing an accelerometer at the top of the
structure, close to where the pinion gear meets the ring gear, the gear mesh frequencies as well as
other rotational born frequencies can be monitored. The spectral power measured by this sensor
is shown in Figure 23. These spectral power levels have a similar magnitude and range as the
spectral power levels measured by Accel 4.
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Figure 23: General Dynamics Stryker - Accel 2 Test Results - All Test Conditions - PSD

Figure 23 portrays that from 0 Hz to approximately 12.5 kHz, there isn’t a clear separation in the
generated spectral power levels corresponding to 50%, 25% and 0% lubrication level test
conditions. However above 15 kHz, there is a clear separation of the generated spectral power
levels. Again unlike Accel 4, there are no apparent resonances or frequency ranges in which the
spectral power levels are noticeably higher. Interestingly above approximately 37.5 kHz, the
spectral power levels corresponding to the different lubrication level test conditions start to show
a clear separation between them. This behavior seems to be consistent between the first three
accelerometers.
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3.2.3 Accelerometer Placement 3 – Accel 3

Figure 24: General Dynamics Stryker - Accel 3 Location – Test Differential

The placement of Accel 3 is shown in Figure 24. Accel 3 was epoxied on the lowest part of the
differential, which houses the lubrication bath. The spectral power measured by this sensor is
shown in Figure 25.

46
Stryker Test Differential − Accel 3
0
100% Lubrication
75% Lubrication
50% Lubrication
25% Lubrication
0% Lubrication

Power (g2/Hz) −− dB Scale (re: 1g2/Hz)

−10

−20

−30

−40

−50

−60

−70

0

5

10

15

20

25
30
Frequency (kHz)

35

40

45

50

Figure 25: General Dynamics Stryker - Accel 3 Test Results - All Test Conditions - PSD

As shown in Figure 25, the separation in the generated spectral power corresponding to different
lubrication level test conditions are nonexistent between 0 Hz to approximately 8 kHz. However,
there is clear resonance from approximately 9 kHz to 11 kHz where the generated spectral power
levels associated with the different lubrication level test conditions are distinct.

At this

resonance, the generated spectral power associated with the 75% and 25% lubrication level test
conditions follow the trend of the spectral power generated from the 50% lubrication level test
condition, which is similar to results collected from Accel 4. Also like Accel 4, there seems to be
a resonance at approximately 31 kHz, although it is not as nearly as sharp and distinct. But at this
resonance, the generated spectral power associated with the 75% and 25% lubrication level test
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conditions again follow the trend of the generated spectral power associated with the 50%
lubrication level test condition.

All four Piezotronics PCB 353B16 accelerometer locations show great potential for being a
possible mounting location for a vibration-based lubrication level-monitoring sensor. Although
of the four locations, only one location stands out as the best possibility.

Accel 4, located on the

head of a structural bolt that holds the two sides of the differential shell together, has shown the
most consistency in spectral power corresponding to the different test conditions. The PSD plot
generated from the data collected on this sensor, shown in Figure 19, shows the most consistent
separation in the generated spectral power, specifically in the 15 kHz to 24 kHz frequency range.
As well as maintaining the most consistent separation in spectral power levels, the broad
resonances depicted in the PSD plot will yield a higher signal to noise ratio than the other
accelerometer placements.

Now that the location for the future sensor has been determined, the spectral characteristics
displayed in Figure 19 must be explored. An ideal sensor would leverage these resonances to
assist in the monitoring of the lubrication level within the differential.

The next step to

understanding these resonances is to explore how the vibrations associated with these peaks vary
with speed.
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3.3 Velocity/Time-Evolution Test
Along with the constant 30 mph tests, data was taken as the Stryker increased in speed, as linearly
as possible, from 0 mph to 30 mph. The constant 30 mph tests produced revealing power spectral
density information that has verified the possible use of a vibration-based lubrication levelmonitoring sensor to detect the lubrication level within the differential.

The velocity/time-

evolution test will provide a time-evolution of the frequency content recorded by the
accelerometers. This time-evolution of the frequency content will expose how the generated
spectral power evolves with rotational speed. A useful display for viewing the time-evolution of
the frequency content of a signal is the spectrogram. The spectrogram shows frequency on the
horizontal axis and time on the vertical axis.

At the close of Section 3.2, the location for the future sensor was decided, which corresponded to
the location of Accel 4. The results of the constant 30 mph tests and the resulting power spectral
density plots show multiple peaks in the generated spectral power that could correspond to
resonances experienced by the accelerometer in this location. Performing this velocity/timeevolution test will allow the structural resonances to be clearly defined through the use of a
spectrogram.

If the previously measured resonances are structural, the frequency of these

resonances will not change as the velocity increases over time.

The spectrogram computation used for this research was implemented using Matlab 2012a
software. The spectrogram computation used an averaged 4,096-point FFT along with a Hanning
window with a 50% overlap, resulting in a frequency resolution of approximately 24.4 Hz and a
time resolution of .02 seconds. Refer to Appendix A – Matlab Code for the spectrogram Matlab
program.
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The spectrogram generated from the data collected from the velocity/time-evolution test phase for
Accel 4 is shown in Figure 26.
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Figure 26: General Dynamics Stryker - Accel 4 – 100% Lubrication Test Condition Spectrogram

The spectrogram shown in Figure 26 allows a visual representation of many of the acoustical
characteristics of the differential and related parts. In Figure 26, the vertical axis represents the
time that it took for the Stryker to accelerate from 0 to 30 mph and is measured in seconds. The
horizontal axis represents the frequency range that corresponds to the spectral power, measured in
Hz. Finally, the magnitude of spectral power is denoted by the color map to right of Figure 26.
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Like the PSD plots, the spectral power is measured in g2/Hz and is scaled using the decibel
scaling.

At approximately 31 kHz, there exists a frequency region containing high spectral power that
does not change as the velocity is increased. Even though the magnitude of this region increases,
the frequency of this resonance does no shift. This is an example of a structural vibration. There
are other structural vibrations detected at approximately 8 kHz, 11 kHz and 17 kHz. Another
interesting component of the spectrogram is the ability to visualize the mechanisms that are
evolving with time and speed. At the bottom left hand corner of Figure 26, the gear related
rotational frequency components develop from 0 seconds (0 mph) and grow as the vehicle
reaches 15 seconds (30 mph).

These rotational resonances are called the gear meshing

frequencies, which are also called the tooth mesh frequency and is the frequency at which the
gear teeth mate together and rotate in the differential. There are two important factors that are
involved in this family of resonances, input rotational shaft speed and number of teeth on the
contacting gears. In Figure 26, these resonances are seen clearly along with the harmonics that
are created by these gear meshes. These resonances change with time and therefore are not
structural born resonances.

Ultimately, the purpose of performing the velocity/time evolution tests was to answer these
questions:
1. Where do the peaks in the generated spectral power originate?
2. Are these resonances originating from structural components or from rotational
components of the differential?
These questions are clearly answered by Figure 27.
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Figure 27: General Dynamics Stryker – 100% Lubrication Test Condition - PSD Overlay On
Spectrogram

Figure 27 displays the PSD generated from the full lubrication, constant 30 mph test
superimposed on the spectrogram generated from the full lubrication, velocity/time evolution test.
The resonances experienced by the accelerometer at 31 kHz, 17 kHz and 8 kHz clearly
correspond directly to structural resonances, depicted by the spectrogram.

These frequency

regions would be ideal for a sensor to leverage to monitor the lubrication level via the generated
monitored vibrations.

It is critical to recall that Accel 4 was mounted on a structural bolt that holds the two shells of the
differential together. Fortunately, the data collected from Accel 8, which had the same mounting

52
location only on the control differential, can be used to confirm the recent findings.

This

spectrogram, from Accel 8, is shown in Figure 28.
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Figure 28: General Dynamics Stryker - Accel 8 – 100% Lubrication Test Condition Spectrogram

The time varying features in the spectrogram generated from the data collected by Accel 8 are
nearly identical to those in the spectrogram generated from the data collected by Accel 4. Figure
28 shows the same structural resonances at the same frequencies measured by Accel 4, shown in
Figure 26. This confirms the theory that the resonances measured by this sensor, positioned on
the head of the structural bolt, are generated by a structural mechanism on these differentials.
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The spectrogram allowed some essential insight on the origins of the measured resonances but an
additional tool was used to fully understand the origin of these structural resonances.

The spectrograms corresponding to the other accelerometer positions are shown in Appendix B –
Spectrograms.

3.4 Modal Analysis - Finite Element Method (FEM)
A modal analysis is the study of the dynamic properties of a structure under a vibrational
excitation. Using the overall mass and stiffness of a structure, a modal analysis can be used to
find the frequencies at which the structure will naturally resonate.

In Section 3.3, it was

discovered that some of the peaks in the spectral power measured by the accelerometer were
caused by structural resonances. The first structure to explore would be the bolt to which the
accelerometer, Accel 4, was epoxied. This specific bolt used in the Stryker differential is a
stainless steel M10, 70mm long, partially threaded hexagon cap screw. The first step in the
computer generated modal analysis was to model the differential bolt using a 3D CAD package.
The dimensioned drawing used to create the 3D model of the bolt is shown in Figure 29 and was
modeled using SolidWorks 2012.
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Figure 29: General Dynamics Stryker - Dimensioned Drawing Of M10 - 70mm Bolt

After the 3D model of the bolt was created, it was imported into the Autodesk ALGOR
Simulation software to run the modal analysis. The modal analysis was performed by adding
constraints to the 3D model, applying the material properties and then setting the test boundary
conditions. As installed on the Stryker, the bolt is used to hold the two sides of the differential
casing together. The bolt is inserted through the first shell and is fastened to the other side of the
shell by the engagement of the threads within the shell. It is crucial to recreate this environment
within the simulation software so that the computer generated modal analysis generates the most
accurate results. To do this, the fastened bolt was considered as a fixed cantilever; therefore a
fixed constraint was added to the model, shown as purple lines in Figure 30. After the constraints
were made, a mesh was applied to the model, also shown in Figure 30, as were the material
properties for 316 Stainless Steel.
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Figure 30: Autodesk ALGOR Simulation Meshed Model

To better understand the results from the modal analysis, it is essential to recall Figure 27. In
Figure 27 it was shown that there were a few key peaks in the measured spectral power that
related to structural resonances. These resonances were approximately at 8 kHz, 10 kHz, 17 kHz,
23 kHz and 31 kHz, respectively. The results from the modal analysis performed on the bolt
indicated that the structural resonances experienced by the accelerometer were caused by the
resonant modes of the bolt. In the following figures, the modal analysis results are presented.
The red regions represent the largest displacement and the blue regions represent no
displacement. The displacements resulting from the excitation of the resonant modes of the bolt
are very small so the displacement results have been exaggerated to aid in the visual
understanding of the resonant modes of the bolt.

The first bolt resonance, provided by the modal analysis, was the first torsional mode that
resonated at 7520 Hz, as shown in Figure 31. This mode causes the bolt to turn around its center
axis, which could cause the bolt to move in and out of the threads used to fasten the bolt. This
result correlates very well with a lower structural resonance measured by the accelerometer at
approximately 8000 Hz.

56

Figure 31: General Dynamics Stryker - Modal Analysis Results - First Mode – First Torsional Mode
- 7520Hz

The second and third bolt resonance, provided by the modal analysis, show that that there are two
similar modes very close to each other in frequency response. These modes, shown in Figure 32,
resonate at 9948 Hz and 10000 Hz respectively. Because of the frequency resolution of the PSD,
these resonances could contribute to a single peak in spectral power and therefore only show up
as a single, broad crest in the PSD. These frequencies correlate very closely to the next structural
resonance measured by the accelerometer of approximately 10000 Hz.

Figure 32: General Dynamics - Stryker Modal Analysis Results - Second And Third Modes – 1st
and 2nd Bending Modes - 9948 Hz (Top) And 10000 Hz (Bottom)

The fourth bolt resonance, provided by the modal analysis and shown Figure 33, is the first
longitudinal mode that resonates at 17115 Hz. The first longitudinal mode causes the bolt to
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expand and contract longitudinally and correlates very well to the structural resonance measured
at approximately 17000 Hz. This peak in the measured spectral power is one of the highest peaks
in the PSD and could be very useful to leverage in the future sensor design.

Figure 33: General Dynamics - Stryker Modal Analysis Results – Fourth Mode – First
Longitudinal Mode - 17115 Hz

The fifth and sixth bolt resonances, provided by the modal analysis, show that that there are again
two similar modes very close to each other in frequency. These modes, shown in Figure 34,
resonate at 25563 Hz and 25608 Hz respectively. Again, because of the frequency resolution of
the PSD, these resonances could contribute to a single peak in spectral power and therefore only
show up as a single, broad crest in the PSD. These frequencies correlate very closely to a
structural resonance measured by the accelerometer of approximately 23000 Hz.
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Figure 34: General Dynamics Stryker - Modal Analysis – Fifth And Sixth Modes – 3rd and 4th
Bending Modes - 25563 Hz (Top) And 25608 Hz (Bottom)

Finally, the sixth bolt resonance, provided by the modal analysis and shown in Figure 35, is the
second torsional mode that resonates at approximately 32042 Hz. Like the first torsional mode,
this mode causes the bolt to turn axially around its center axis, which could cause the bolt to
move in and out of the threads used to fasten the bolt. However unlike the first mode, the center
of the bolt and bolt head twist in opposite directions. This mode correlates very well to the sharp
structural resonance shown in the PSD plots at approximately 31000 Hz.

Figure 35: General Dynamics Stryker - Modal Analysis – Sixth Mode – Second Torsional Mode 32042 Hz

The modal analysis results presented previously will change depending on many factors including
the estimated stiffness of the material, the mass of the material and the thread engagement, just to
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name a few. If accurately modeled, the results acquired from a finite element modal analysis will
fall within plus or minus 5 to 10% of the actual measured value. Compared to actual measured
values found in the PSD and spectrograms, these finite element results are within this confidence
range and therefore verify the accuracy of the finite element model.

Through the use of finite element analysis, it can be stated with a practical amount of certainty,
that the structural resonances experienced by Accel 4 are a direct cause of the excitation of the
vibration modes of the structural bolt on which the accelerometer was mounted.

These

resonances allow for a predictable frequency range to be exploited for the monitoring of the
vibrations corresponding to the lubrication level contained within the differential casing. Other
monitoring techniques, such as temperature monitoring, could also be used to assist in this
lubrication level monitoring.

3.5 Temperature Effects
Temperature monitoring can be an effective health monitoring technique but it is limited in that it
has a slow reaction time relative to the fault degradation time of the mechanical system
components. In order to understand the limits of temperature monitoring for this application, the
follow questions need to be answered:
1. How slow is the reaction time for this application?
2. Could temperature-monitoring assist in the detection of lubrication level?

Temperature does not provide an early indication of lubrication loss and by the time the
temperature increases to a noticeable level, the damage inside is already done.

However,

temperature monitoring could prove to assist the vibration-based technique. Figure 36 shows the
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temperature of the control differential during the full duration of the tests. The horizontal axis
represents a snapshot of each test condition, which lasted 15 seconds.

These tests took

approximately two and a half hours to complete and could characterize a slow leak in the
differential. The vertical axis represents the average temperature measured on the casing of the
differential during the five different test conditions. At the beginning of the test, the casing of the
control differential was approximately 72 degrees Fahrenheit and is represented by the blue
circles in Figure 36. As the lubrication depleted in the test differential and the Stryker warmed
up, the temperature of the control differential casing increased to approximately 88 degrees
Fahrenheit, represented by the purple circles in Figure 36.
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Figure 36: General Dynamics Stryker - Control Differential Casing Temperature
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The 0% lubrication test condition was the last test condition; so it would it make sense that the
control differential casing would have increased in temperature. At this point the vehicle has
been accelerating from 0 to 30 mph and driving a constant 30 mph for almost two and a half
hours. The most substantial information comes from comparing the temperature of the test
differential casing, which is mimicking depletion in lubrication, to the temperature of the control
differential casing. The temperature monitored on the test differential casing is shown in Figure
37.
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Figure 37: General Dynamics Stryker - Test Differential Casing Temperature
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The temperature increase, shown in Figure 37, is similar to that of the control differential. At the
beginning of the test, the casing of the test differential was approximately 74 degrees Fahrenheit
and is represented by the blue circles in Figure 37. As the lubrication depleted in the test
differential and the Stryker warmed up, the temperature of the test differential casing increased to
approximately 89 degrees Fahrenheit, represented by the purple circles in Figure 37. In Figure
38, a better representation of the difference between the temperatures of the differentials is
shown.
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Figure 38: General Dynamics Stryker - Differential Temperature Comparison – Test And
Control Differential

Figure 38 shows the difference in temperature between the test and control differentials during
the five test conditions. The horizontal axis represents the test conditions and the vertical axis
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represents the temperature measured on the casing of the differential. The blue data represents
the temperature measured on the test differential casing and the red data represents the
temperature measured on the control differential casing. Notice that during the last test condition,
the 0% lubrication test, the difference in the casing temperature between the two differentials is
only about 0.5 degrees Fahrenheit. Not only does this prove that the slow reaction time of
temperature monitoring, it also tells us something interesting about the differential system.

At the beginning of the experiment, the test differential starts approximately 3 degrees Fahrenheit
warmer than the control differential, yet in about two and a half hours; the temperature of the
control differential nearly catches up to the temperature of the test differential. This suggests that
the control differential heated up faster than the test differential. This strange behavior could be
contributed to the fact that the lubrication contained within the differential helps transfer the heat
generated by the planetary gear set to the casing of differential and into the surrounding
environment. Without this lubrication, in the case of the test differential, there is no conduction
between the planetary gear set, lubrication, and differential casing. Instead the heat generated
from the planetary gear set is insulated from the differential casing by the air contained inside.
The difference in the thermal conductivity between motor oil and air caused the differential
casings to increase in temperature at different rates. The thermal conductivity is the quantity of
heat transmitted though a unit thickness in a direction normal to a surface of unit area, due to a
unit temperature gradient under steady state conditions. The thermal conductivity is measured in
the units of Watts per meter-Kelvin.

See Table 1 for a comparison between the thermal

conductivity of machine lubricating oil and the thermal conductivity of air. [8]
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Table 1: Thermal Conductivity Of Air And Machine Lubricating Oil
Thermal Conductivity – k – W/(m*K)
Material/Substance
Thermal Conductivity
Air, Atmosphere
0.024
Oil, Machine Lubricating SAE 50
0.150

From the data presented in Table 1, the thermal conductivity of machine lubricating oil is
approximately six times that of the thermal conductivity of air. This dramatic difference in
thermal conductivity slows the transfer of heat to the differential.

This proves that, for lubrication level monitoring, the slow reaction time of the temperature
monitoring method is far surpassed by the vibration-based method. In fact, this analysis also
proves that the current procedure for diagnosing lubrication loss is both dangerous and inefficient.
The lack of heat transfer between the planetary gear set and the differential casing created by a
loss of lubrication cripples the current procedure used to diagnose lubrication loss. A vibrationbased sensor would detect a leak in lubrication faster and more efficiently before any damage is
done. Not only would this sensor provide better diagnostics for monitoring the lubrication level
within a differential, but would also be a safer procedure than what exists currently.

CHAPTER 4
SENSOR DESIGN PART I
The results of this research presented in Chapter Three, verified the correlation between losses in
lubrication within the differential casing to the increase in the measured spectral power generated
by the differential. The results also indicated that exploiting the generated structural resonances
would lead to a sensor yielding a higher signal to noise ratio as well as a predictable region in the
frequency spectra to monitor. This chapter will explore if a sensor is to be developed, exploiting
the increase in vibrations due to the depletion of the lubrication within the differential, how would
it function and what tests still need to be performed to create the algorithm required for this
sensor to operate?

4.1 Sensor Placement And Design
Figure 27 along with Figure 19, in Chapter Three, clearly illustrate that by leveraging the
structural resonances created by the excitation of the resonant modes of the bolt, the lubrication
level can be monitored with a sufficient signal to noise ratio. However, the data shown in Figure
19 indicates that through the use of the vibrations to monitor the lubrication levels, there exists
uncertainty in the exact level of lubrication. Instead, the data suggests that monitoring the state of
the differential is a more viable option. A sensor that exploits the generated vibrations to monitor
the state of the lubrication levels would be able to quantify the lubrication level contained within
the differential as full, half-full and empty. Between these three defined states, the lubrication
level would be considered as leaking. Designing a sensor to monitor the state of the differential
would be equally as valuable to the operator of these vehicles as well as more accurate and simple
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to implement. By using the bolt as the sensor mounting location, a simple replacement bolt of the
same military specification can be retrofitted to house the new sensor. This new “smart bolt” can
then be installed on the vehicle’s differentials in place of the old bolt.

4.2 Frequencies Ranges To Monitor
Chapter Three suggests that the future vibration-based lubrication level-monitoring sensor should
leverage the structural resonances created by the modes of the structural bolts used to fasten both
sides of the differential casing together. But which structural frequencies are the best to use? The
higher the monitored frequencies, the higher the frequency range of the accelerometer and the
data acquisition system need to be.

Unfortunately, the use of high frequency monitoring

equipment causes an increase in the cost of development and implementation. This exposes a
cost constraint for this sensor and ideally, this sensor would be a low power and low cost
implementation.

Ideally, a lower frequency range would be the best to monitor and ultimately cost less to
implement. A lower frequency range would allow for an accelerometer with a low frequency
response as well as a data acquisition system with a low frequency resolution to be used, which
would ultimately cost less to implement. Figure 39 shows the spectral power collected from
Accel 4 and is plotted from 100 Hz to 50 kHz using a logarithmically scaled frequency axis. The
black data represents the measured spectral power for the test differential with full lubrication, the
blue data represents measured spectral power with only 50% lubrication and the red data
represents the measure spectral power with no lubrication in the test differential.
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Figure 39: General Dynamics Stryker - Test Differential Comparison - All Three Test Conditions
– Logarithmic Horizontal Frequency Axis

Figure 39 shows no clear separation in spectral power corresponding to the different lubrication
levels until the resonance at approximately 8 kHz, which corresponds to the first torsional mode
of the bolt, shown in Figure 31 in Chapter Three. This would be the lowest frequency range
possible to monitor and to successfully implement into the future sensor design.

4.3 Further Tests To Aid In Sensor Design and Algorithm Development
For a sensor to operate accurately, a set of baseline data corresponding to different lubrication
levels must be defined. This baseline data must relate the lubrication level contained within the
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differential to lubrication states of differential such as full, half-full and empty. To create this
baseline set of data, the measured vibrations need to be referenced to some measurable reference,
such as vehicle speed. Collecting vibration data through the vehicle’s range of operating speeds
will allow the measured vibrations to be referenced by constant, repeatable conditions.

The vehicle speed is generally monitored via the Powertrain Control Module, or PCM, and is
broadcasted though the Controller Area Network, or CAN. The devices that are connected by a
CAN network are typically sensors, actuators, and other vehicle control devices. The vehicle
speed is typically broadcasted as a CAN message at a refresh rate between 1 Hz and 10 Hz.
Using a CAN-compatible microprocessor, these messages can be read using the supplied
protocols and implemented into the design of the vibration-based lubrication level-monitoring
sensor as a source to relate the measured vibrations to the vehicle’s speed.

The past tests performed with the General Dynamics Stryker only consisted of collecting
vibration data at 30 mph. To create a set of baseline data relating the generated vibrations to
vehicle speed, a test that collects the vibration data in smaller increments would be of more value.
Generally, a Stryker unit will move as one convoy, which limits the range of speed that the
Stryker experiences. The speed of a convoy depends on road conditions, traffic conditions, and
the speed of the slowest vehicle. Examples include:
•

Cities/built up areas

•

Two lane roads

•

Limited access expressways

•

Blackout Drive

•

On or off road driving
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Furthermore, the Stryker’s engine is governed to have a maximum speed of 60 mph, presenting a
firm set of boundary conditions for the speeds at which these vehicles can operate. Following
these guidelines, a test that collects vibration data every 5 mph from 5 mph to 60 mph was
sufficient for creating an algorithm to monitor the lubrication level of the differential under these
operating conditions. [7]

CHAPTER 5
OSHKOSH HEMTT A4 EXPERIMENT
Unfortunately, the General Dynamics Stryker used for the past tests was unavailable for use for
the new tests. However, another important goal for this research is to test the cross platform
capability of this type of sensor. So far, the use of a vibration-based lubrication level-monitoring
sensor has only been investigated on one type of differential, in one family of vehicles.
Fortunately, the new test vehicle utilized a completely different differential design. This different
differential design will assist in confirming the cross platform capability of this sensing
technique. As will be shown in this chapter, the procedure for testing with the new vehicle will
be identical to the procedure used for the Stryker.

5.1 Oshkosh HEMTT A4 Test Vehicle
For the next set of tests, an Oshkosh Heavy Expanded Mobility Tactical Truck, or HEMTT, was
used as the test vehicle. This vehicle is shown in Figure 40. The use of the Oshkosh HEMTT A4
has been provided by The Pennsylvania State University Applied Research Laboratory.
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Figure 40: Oshkosh Heavy Expanded Mobility Tactical Truck A4

Like the Stryker and the LAV, the Oshkosh HEMTT A4 is an eight-wheeled off-road capable
truck used by the US military that can also be driven in four-wheel drive. The Oshkosh HEMTT
A4 provides heavy transport capabilities for supply and re-supply of combat vehicles and
weapons systems. This family of vehicles has been extremely important in the transporting
logistics behind quick-moving forces based on the M1 Abrams tank. Having proved itself as a
key workhorse of the US heavy tactical wheeled vehicle fleet, approximately 13,000 HEMTT
vehicles are in service today.

5.2 Oshkosh HEMTT A4 Experiment Design
From Chapter Three and Four, it was decided to leverage the structural resonance created by the
excitation of the resonant modes of the bolt to monitor the lubrication level within the differential.
Because the vibration of this structural bolt is the only mechanism that is being monitored, the
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test setup becomes much more simple. Unlike the previous experiments, the new experiments
consisted of using one accelerometer mounted on the test differential on one of the structural
bolts. For these experiments, the third differential will also act as the test differential because of
its role as the main drive differential. The accelerometer that was used during these experiments
was a Piezotronics 353B15, which is very similar to the Piezotronics 353B16 accelerometer that
was used for the Stryker experiments. This accelerometer also has a resonance of approximately
70 kHz and was sampled at 100 kHz by the same data acquisition system used for the Stryker
experiments, shown in Figure 41.

Figure 41: Oshkosh HEMTT A4 Data Acquisition System
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Fortunately the third differential of the A4 HEMTT, which was also used as the test differential,
utilized a bolt very similar to the one utilized by the Stryker differential. The only difference
between the two bolts was the total length of the bolt. Because of the through bolt design, like the
bolt on the Stryker, the same type of structural resonant modes will exist, but will resonate at
different, lower frequencies. The accelerometer location for these tests, placed on this structural
bolt, is shown in Figure 42.

Figure 42: Oshkosh HEMTT A4 Accelerometer Position

Unlike the previous differentials involved in the previous experiments, the A4 HEMTT
differential uses two lubrication baths as well as a 3-piece casing shown in Figure 43. The
function of the differential remains the same but instead of requiring 2.54 quarts of lubrication to
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be full, these differentials require 5 gallons of lubrication. The first smaller lubrication bath
exists in Shell 1, shown in Figure 43, and possesses its own fill plug as well as its own drain plug.
A rubber seal separates Shell 1 from Shells 2 and 3, which make up the largest body of the
differential. The second larger lubrication bath exists between these two shells. This lubrication
bath also possesses its own drain and fill plug. During the experiments, the lubrication was
drained from both of these lubrication baths at the same depletion increments.

Figure 43: Oshkosh HEMTT A4 Third Differential (Test Differential)

The extreme difference in size, compared to the Stryker differential, along with the complexity of
the differential design used to increase the load capability of the HEMTT A4, could significantly
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change how this structure resonates. This would result in another limitation of this sensing
technique for monitoring the lubrication levels within different differential designs and sizes.

5.3 Results Of The Previous Experiments Performed
Due to changes in the test vehicle, the same experiments performed on the Stryker needed
repeated on the new test vehicle. However, the only experiments that needed to be performed
were those that would confirm existence of the excitation of the resonant modes of the bolt,
therefore validating this monitoring technique for the HEMTT A4. To discover if the resonant
modes of the structural bolt used on the HEMTT A4 differential could be excited, the previous
constant 30 mph test along with the velocity/time-evolution test were performed with the test
differential containing 100% lubrication.

5.3.1 Results Of The Constant 30 mph Experiment
These preliminary experiments were used to discover if the same structural frequencies could be
monitored, thus confirming the cross-platform capability of this sensing method. The power
spectral density plot created from the vibration data collected from the constant 30 mph test is
shown in Figure 44.
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Figure 44: Oshkosh HEMTT A4 - Constant 30 mph Test - 100% Lubrication Test Condition PSD

Much like the power spectral density plot presented in Chapter Three from the data collected
from the General Dynamics Stryker, there are similar peaks in the measured spectral power
generated from the Oshkosh HEMTT A4 differential. However from Figure 44, only three peaks
in spectral power are prominent. These resonances correspond to approximately 6 kHz, 18 kHz
and 29 kHz, respectively. Also like the Stryker, these resonances could be the cause of the
excitation of the resonant modes of the structural bolt that the accelerometer is mounted to on the
differential.

Unlike the data collected from the Stryker, the measured spectral power is

approximately 10 dB lower, bringing the collected data closer to the noise level created by the
components of the data acquisition system. However, the peaks in spectral power are still
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approximately 35 dB higher than the noise floor, allowing for the sensor to exist with a sufficient
signal to noise ratio. To confirm that the excitations of the resonant modes of the bolt are the
cause for the peaks in the measured spectral power, another spectrogram was generated from the
velocity/time-evolution test performed on the HEMTT A4.

5.3.2 Results Of The Velocity/Time-Evolution Test
Like before, the velocity/time-evolution test provides a time-evolution of the frequency content
recorded by the accelerometer. This time-evolution of the frequency content will expose how the
measured spectral power changes with rotational speed. The spectrogram generated from the data
collected from the HEMTT A4 is shown in Figure 45.
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Figure 45: Oshkosh HEMTT A4 – 100% Lubrication Test Condition - Spectrogram

Similar to the spectrogram generated from the data collected from the General Dynamics Stryker,
the spectrogram shows distinct structural resonances. To confirm that these structural resonances
correlate to the peaks in the measured spectral power, the power spectral density plot from Figure
44 was overlaid onto the spectrogram, shown in Figure 46.
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Figure 46: Oshkosh HEMTT A4 - 100% Lubrication Test Condition - PSD Overlay On
Spectrogram

Similar to the General Dynamics Stryker experiment, Figure 46 shows that the peaks in the
measured spectral power are caused by the excitation of structural resonances of the differential.
However like before, a modal analysis using the finite element method was used to confirm that
these structural resonances are a direct cause of the excitation of the resonant modes of the bolt to
which the accelerometer is mounted.

80
5.3.3 Modal Analysis – Finite Element Method (FEM)
The bolt utilized in the Oshkosh HEMTT A4 differential is a stainless steel M10, 120mm long,
partially threaded hexagon cap screw. This bolt is much like the bolt used in the General
Dynamics Stryker differentials; however, this bolt is 50mm longer. Again, the first step to
perform a computer generated modal analysis was to model the differential bolt using a 3D CAD
package. The dimensioned drawing used to create the 3D model of the bolt is shown in Figure 47
and was modeled using SolidWorks 2012.

Figure 47: Oshkosh HEMTT A4 - Dimensioned Drawing Of M10 - 120mm Bolt

As was the procedure before, after the 3D model of the bolt was created it was imported into the
Autodesk ALGOR Simulation software to run the modal analysis. The modal analysis was
performed by adding constraints to the 3D model, applying the material properties and then
setting the test boundary conditions. As installed on the HEMTT A4, the bolt is used to hold the
two of the three sides of the differential casing together. The bolt is inserted through the Shell 3
and Shell 2 and is fastened by the engagement of the threads within the Shell 1. As was before,
the fastened bolt was considered as a fixed cantilever; therefore a fixed constraint was added to
the model, shown as purple lines in Figure 48. After the constraints were made, a mesh was
applied to the model, also shown in Figure 48, as were the material properties for 316 Stainless
Steel.
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Figure 48: Autodesk ALGOR Simulation Meshed Model

The three structural resonances measured on the differential of the HEMTT A4 were
approximately, 6 kHz, 18 kHz and 29 kHz, respectively. As expected, the results from the modal
analysis performed on the bolt indicated that the structural resonances measured by the
accelerometer were caused by the excitation of the resonant modes of the bolt. In the following
figures, that present the modal analysis results, the red regions represent the largest displacement
and the blue regions represent no displacement.

The first bolt resonance, provided by the modal analysis, was the first torsional mode, which
resonated at 5640 Hz, as shown in Figure 49. This mode causes the bolt to turn axially around its
center axis, which could cause the bolt to move in and out of the threads used to fasten the bolt.
This result correlates very well with a lower structural resonance measured by the accelerometer
of approximately 6 kHz.

Figure 49: Oshkosh HEMTT A4 - Modal Analysis Results - First Mode – First Torsional Mode –
5640 Hz
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The second bolt resonance, provided by the modal analysis, was the second torsional mode,
which resonated at 18051 Hz, as shown in Figure 50. Like the first torsional mode, this mode
causes the bolt to turn axially around its center axis, which could cause the bolt to move in and
out of the threads used to fasten the bolt. However, unlike the first mode, the center of the bolt
and bolt head twist in opposite directions.

This mode correlates very well with the sharp

structural resonance shown in the PSD plot at approximately 18 kHz.

Figure 50: Oshkosh HEMTT A4 - Modal Analysis Results - Second Mode – Second Torsional
Mode – 18051 Hz

The third bolt resonance, provided by the modal analysis and shown Figure 51, is the second
longitudinal mode, which resonates at 31194 Hz. The second longitudinal mode causes the bolt
to expand and contract longitudinally and correlates very well with the structural resonance
measured at approximately 29 kHz. This peak in spectral power is one of the highest peaks in the
PSD plot and could be very useful to leverage in the future sensor design.

Figure 51: Oshkosh HEMTT A4 - Modal Analysis Results – Third Mode – Second Longitudinal
Mode - 31194 Hz
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The fourth and last bolt resonance, provided by the modal analysis, was the third torsional mode,
which resonates at 31633 Hz, as shown in Figure 52. Like the first and second torsional modes,
this mode causes the bolt to turn axially around its center axis, which could cause the bolt to
move in and out of the threads used to fasten the bolt. This mode correlates very well with the
sharp structural resonance shown in the PSD plot at approximately 29 kHz. It is very interesting
that this resonance is very close to the frequency at which the second longitudinal mode
resonates. Because the peak in spectral power at approximately 29 kHz is one of the highest
peaks in spectral power, these two modes could be contributing to that one measured peak in
spectral power.

Figure 52: Oshkosh HEMTT A4 - Modal Analysis – Fourth Mode – Third Torsional Mode –
31633 Hz

As was the case for the Stryker, through the use of finite element analysis, it can be stated with a
practical amount of certainty that the structural resonances measured on the Oshkosh HEMTT A4
differential are caused by the excitation of the resonant modes of the structural bolt to which the
accelerometer was mounted. These resonances allow for a predictable frequency range to be
exploited, allowing the lubrication within the differential casing to be monitored by monitoring
the vibrations generated by the differential.
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5.4 Further Experiments With The Oshkosh HEMTT A4
In Chapter Four, a new experiment was proposed that would attempt to correlate the generated
spectral power to the vehicle’s speed. The future sensor could reference the vehicle’s speed
through the interception of the vehicle’s speed being broadcasted as a CAN message and then
associate the measured spectral power to the state of the differential.

Fortunately, like the

General Dynamics Stryker, the Oshkosh HEMTT A4 generally travels in a convoy and rarely
sees a traveling speed greater than 60 mph. During this experiment, the vehicle was driven from
5 to 60 mph while ten 1-second snapshots of vibration data was collected at 5 mph increments at
each lubrication level test condition. From Figure 19 in Chapter Three, the measured spectral
power corresponding to the 75% and 25% lubrication level test conditions were very hard to
distinguish from the measured spectral power corresponding to the 50% lubrication level test
condition. Because of this incapability, it was decided that the exact lubrication level could not
be monitored but the state of the differential could, i.e. full, half-full, or empty. For this reason
the 25% and 75% lubrication level test conditions have been removed from these experiments.

CHAPTER 6
OSHKOSH HEMTT A4 RESULTS AND ANALYSIS
In Chapter Five, the cross-platform capability of this sensing technique was confirmed. This
chapter will focus on the results and analysis of the constant 30 mph, depleting lubrication test
conditions as well as the new experiment that explores the association of the vehicle’s speed to
the measured vibrations generated by the test differential.

6.1 Constant 30 mph Results – All Three Test Conditions
Previously in Chapter Five, it was confirmed that similar resonant modes of the bolt were excited
as a result of the vibrations generated by the differential system. However compared to the
Stryker and LAV, the differential used by the HEMTT A4 is vastly different and could react
differently to the depletion of the lubrication contained within the differential.

For the

differentials utilized in the Stryker and LAV, this depletion in lubrication caused the vibrations
generated by the differential system to increase, thus increasing the generated spectral power of
the frequencies corresponding to the excited resonant modes of the bolt. Ideally, the vibrations
generated by the HEMTT A4 test differential would cause the resulting spectral power to increase
similarly. The measured spectral power generated by the HEMTT A4 test differential for the
constant 30 mph test associated with the 100%, 50% and 0% lubrication level test conditions is
shown in Figure 53.
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Figure 53: Oshkosh HEMTT A4 - All Test Conditions - PSD

In Figure 53, the red data represents the measured spectral power generated by the test differential
containing 100% lubrication, the blue data represents the measured spectral power generated by
the differential containing 50% lubrication, and the black data represents the measured spectral
power generated by the test differential containing 0% lubrication. Also included in Figure 53 is
the noise floor of the data acquisition system used to collect the vibration data. It is interesting to
note that unlike the spectral power generated by the Stryker or LAV differential, the spectral
power generated by the HEMTT A4 differential doesn’t change for the 0% and 50% lubrication
level test conditions. Also unlike the past results from the Stryker and LAV, the difference in the
generated spectral power is only approximately 9 dB instead of 15 dB.

This unfortunate

difference in the generated spectral power must come from the increased size of the differential
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and the difference in design.

Even though the difference in the generated spectral power

corresponding to the 100% and 50% lubrication level test conditions is nonexistent, the difference
between the generated spectral power for the 100% and 0% lubrication level test conditions can
be exploited for use in monitoring the state of the differential. Instead of defining three states for
the lubrication level contained within the differential, only two states can be defined from this
data, full and empty. However, the area between the full and empty states can be defined as
leaking, which will aid in the lubrication level-monitoring of the differential. The measured
spectral power associated the 100% and 0% lubrication level test conditions is shown in Figure
54.
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Figure 54: Oshkosh HEMTT A4 - 0% And 100% Lubrication Test Conditions - PSD
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Because of the similarity of the generated spectral power associated with the 100% and 50%
lubrication level test conditions, for the next experiment, only the 100% and 0% lubrication level
test conditions are presented.

6.2 Increasing Vehicle Velocity Test Results
To aid in the sensor design and algorithm development, vibration data was collected every 5 mph
from 5 to 60 mph. In Figure 55, the measured spectral power generated by the test differential at
each increment of vehicle speed is shown for the 100% lubrication test condition. To avoid
clutter in the resulting figure, the spectral power is presented in 10 mph increments instead of the
captured 5 mph increment data. The blue data represents the measured spectral power generated
by the test differential while the vehicle was traveling at 10 mph and the gold data represents the
measured spectral power generated by the test differential while the vehicle was traveling at 60
mph.
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Oshkosh HEMTT A4 − PSD − 100% Lubrication − 10 to 60 mph
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Figure 55: Oshkosh HEMTT A4 - 100% Lubrication Test Condition - PSD

Figure 55 shows that as the vehicle speed increases, so does the generated spectral power. For
the 100% lubrication test condition, the generated spectral power increases by approximately 25
dB from 10 to 60 mph. Also, as the vehicle speed increased, the peaks in spectral power resulting
from the excitations of the resonant modes of the bolt are still present and haven’t shifted in
frequency. From just observing the amount that the spectral power increased as the vehicle’s
speed increased, it can be speculated that the spectral power increases exponentially as the
vehicle speed increases.

In Figure 56, the measured spectral power generated by the test differential at each 10 mph
increment is shown for the 0% lubrication test condition. Again, to avoid clutter in the resulting
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figure, the spectral power is presented in 10 mph increments instead of the captured 5 mph
increment data. The blue data represents the measured spectral power generated by the test
differential while the vehicle was traveling at 10 mph and the gold data represents the measured
spectral power generated by the test differential while the vehicle was traveling at 60 mph.

Like the measured spectral power for the 100% lubrication test condition, the measured spectral
power generated by the test differential during the 0% lubrication test condition seems to increase
exponentially as the vehicle speed increases linearly. Instead of approximately a 25 dB increase
in spectral power, like the 100% lubrication test condition case, the spectral power increases
approximately 35 dB from 10 to 60 mph. This 10 dB difference between the measured spectral
power for the 100% and 0% lubrication test conditions measured at 60 mph agrees with the 9 dB
difference in spectral power associated with the measured spectral power between the 100% and
0% lubrication test conditions associated with the constant 30 mph test.
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Figure 56: Oshkosh HEMTT A4 - 0% Lubrication Test Condition - PSD

Unlike the 100% lubrication test condition results, the peak in spectral power that was at
approximately 29 kHz for the 100% lubrication test condition has now split into two peaks, one at
approximately 27.5 kHz and another at approximately 29 kHz.

These two peaks could

correspond to the second longitudinal resonant mode of the bolt and the third torsional mode of
the bolt respectively. As the vehicle speed increases and the generated spectral power increases,
these two peaks become more defined.

The results presented in Figure 55 and Figure 56 provide sufficient data to create an algorithm to
successfully associate the vehicle speed of the Oshkosh HEMTT A4 and the measured vibrations
generated by the main drive differential to the state, or health, of the main drive differential.

CHAPTER 7
SENSOR DESIGN PART II
The results presented in Chapter Six provided a sufficient analysis to develop an algorithm to
quantify the state, or health, of the Oshkosh HEMTT A4 main differential concerning the
lubrication level contained within the differential casing.

This chapter will focus on the

processing techniques and procedures to monitor the state, or health, of the Oshkosh HEMTT A4
main drive differential.

7.1 Processing Techniques
From Figure 55 and Figure 56 in Chapter Six, the spectral power generated by the test differential
increased as the vehicle speed increased. By minding the simple form of Parseval’s Theorem, the
spectral power can be related to the root mean square, or RMS, of the collected acceleration data
provided by the accelerometer. This relationship between the generated spectral power and the
RMS of the measured acceleration data is shown in Equation 5.
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Equation 5

According to Equation 5, the RMS of the collected vibration data is related to the square root of
the spectral power multiplied by the frequency bin width. This relationship will cause the RMS
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of the collected vibration data to reflect the same change in spectral power with respect to the
vehicle speed shown in Figure 55 and Figure 56. Therefore this proposed sensor would not have
to possess the processing power to calculate the spectral power of collected vibration data.
Instead, the collected time domain data can be compared to decide the state, or health, of the
differential. [3]

Figure 57 shows the averaged RMS values for measured acceleration resulting from the
vibrations generated by the test differential for the 100% and 0% lubrication level test conditions
performed on the HEMTT A4. The vehicle speed is located on the horizontal axis and is
measured in mile per hour, or mph. The measured RMS acceleration is located on the vertical
axis and is represented in g’s, which has the units of meters/second2. This experiment consisted
of two tests where five consecutive 1-second snapshots were taken at each vehicle speed
increment for each lubrication level test condition.

In Figure 57, the averaged measured

acceleration generated by the test differential for both tests is presented. The red data represents
the averaged measured RMS acceleration during the 0% lubrication test condition and the blue
data represents the averaged measured RMS acceleration during the 100% lubrication test
condition.
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Figure 57: Oshkosh HEMTT A4 – Measured RMS Values For 100% and 0% Lubrication Test
Conditions

Figure 57 suggests that the RMS acceleration resulting from the 100% lubrication test condition
is lower than the RMS acceleration from the 0% lubrication test condition. This reflects the
difference in the generated spectral power shown in Figure 54, confirming the relationship
between the RMS of the acceleration data and the generated spectral power, shown in Equation 5.
This sensing technique becomes much more simple now that it has been confirmed that the root
mean square of the collected time data reflects the same change as the changes seen in the
spectral power associated to the 100% and 0% lubrication level test conditions.
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However, the separation in the RMS acceleration of the collected vibration data isn’t very clear.
For example, from 5 to 20 mph the separation in the measured RMS acceleration between both
test conditions is minimal. The future sensor must also have a built in confidence factor to
maintain confidence in the measurements and the data shown in Figure 57 does not provide
enough separation between the measured RMS acceleration values associated to the 100% and
0% lubrication level test conditions to implement a this factor.

The data represented in Figure 57 resulted from averaging the measured RMS acceleration
generated from capturing the acceleration associated with the full frequency spectrum. Recalling
Figure 54, the generated spectral powers for both the 100% and 0% lubrication level test
conditions were very similar in amplitude in the 0 to 5 kHz frequency range as well as above
approximately 30 kHz. However, there were clear separations in the spectral power between 5
kHz and 30 kHz. This is also the frequency range in which the excited resonant modes of the
structural bolt exist. The collected vibration data can be filtered to leverage this separation in
spectral power. The filter can also be used to exploit the excitation of the resonant modes of the
bolt. A band-pass filter centered on a chosen resonant mode of the bolt could take advantage of
this separation in spectral power. A band-pass filter will pass frequencies within a certain, predetermined range and attenuate frequencies outside of that range. Ideally, the chosen resonant
mode will be lower in frequency allowing for an accelerometer and a data acquisition system with
a lower maximum frequency, therefore lower cost, to be implemented.

To understand this

processing technique, the measured spectral power generated by the HEMTT A4 traveling at a
constant 30 mph was band-pass filtered and is shown in Figure 58.
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Figure 58: Oshkosh HEMTT A4 – PSD – Example Of Filtered Data

Figure 58 is an example of the band-pass filtered spectral power centered on an excited resonant
mode of the bolt. The chosen resonant mode to be exploited for this processing technique was the
first torsional mode of the bolt that is excited at approximately 6400 Hz.

The excitation

frequency of this resonant mode of the bolt could shift slightly depending on many factors such as
thread engagement, changes in the material properties, or even poor tolerances in the differential
design. To guarantee a sufficient amount of confidence in the measurement, the portion of the
allowed frequency spectrum was extended in the band-pass filter to allow for slight shift in the
excited resonant mode of the bolts. To do this, the plus and minus 3 dB point in the filter were
moved 1000 Hz above and below the excited resonant mode of the bolt to encapsulate the effects
of the excitation of this resonant mode. Using this processing technique, the only spectral power
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and therefore generated RMS acceleration data contributing to the calculation of the RMS value
of the measured acceleration is from this frequency range. The measured acceleration resulting
from the vibrations generated by the excitation of the first torsional resonant mode of the bolt was
then used to depict the change in the lubrication level within the differential casing. The resulting
measured RMS acceleration values are shown in Figure 59.
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Figure 59: Oshkosh HEMTT A4 – Measured RMS Values For 100% and 0% Lubrication Test
Conditions –Band-Pass Filtered Centered On 6400 Hz

Like Figure 57, in Figure 59, the red data represents the averaged measured RMS acceleration
data collected during the 0% lubrication test conditions and the blue data represents the averaged
measured RMS acceleration data collected during the 100% lubrication test conditions. Figure 59
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is a product of filtering the collected vibration data around the first torsional resonant mode of the
bolt. Unlike Figure 57, there are clear separations between the measured RMS acceleration
values corresponding to the 100% and 0% lubrication level test conditions. However, compared
to the magnitudes of the measured RMS acceleration in Figure 57, the magnitudes of the
measured RMS acceleration values have been reduced but are still measurable. Although the
magnitudes have dwindled, there are distinct separations in the RMS acceleration values that will
allow the state or health of the differential to be assigned. This separation will also allow for an
uncertainty factor to be included in the processing, ensuring confidence in the resultant state or
health of the monitored differential.

The next step was to create a trend line that would allow for any vehicle speed, from 5 to 60 mph,
and collected RMS acceleration value to be associated to a change in lubrication level within the
differential casing.

To accomplish this, the averaged measured RMS acceleration values

corresponding to the 100% and 0% lubrication test conditions were fitted with a 2nd order
polynomial trend line, shown in Figure 60.
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Figure 60: Oshkosh HEMTT A4 – 2nd Order Polynomial Fitted To Measured RMS Values For
100% and 0% Lubrication Test Conditions

Notice that the close RMS acceleration values associated with the 100% and 0% lubrication
levels at 5 and 10 mph cause the trend lines overlap at approximately 5 mph. This minimal
separation in the measured RMS acceleration generated by the test differential suggests that it
would be difficult to distinguish between the state of the lubrication level within the differential
casing at these speeds. However above 10 mph, there are clear separations in the measured
acceleration generated by the test differential and therefore a clear separation between the trend
lines corresponding to the state of the lubrication level within the differential casing.
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After a trend line was formed, a measure of the confidence was needed to ensure that the vehicle
speed and associated RMS acceleration value was assigned to the correct lubrication level or
“health band”. If the collected data distribution is assumed to be approximately normal, forming
the famous bell-like distribution curve, the standard deviation of the collected data can be used to
set these confidence bounds. For normally distributed data, one standard deviation accounts for
68.27 percent of the set, while two standard deviations from the mean account for 95.45 percent.
This means that approximately 95% of the collected data and ideally, 95% of the future data will
fall within two standard deviations of the collected mean of the data. The standard deviation for
each data set was calculated and applied to the 2nd order polynomial trend line to produce the 95%
confidence bounds, shown in Figure 61.
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Figure 61: Oshkosh HEMTT A4 – Differential Health Bands For 100% and 0% Lubrication

In Figure 61, the dotted cyan lines represent the upper and lower limit of the 95% confidence
interval for the 100% lubrication test condition and the dotted magenta lines represent the upper
and lower limit of the 95% confidence interval for the 0% lubrication test condition. After the
confidence bands were applied to the 2nd order polynomial trend lines, the experimental data was
added to the plot to confirm the analysis. The two sets of five 1-second snapshots of the RMS
acceleration generated by the test differential that were taken from 5 mph to 60 mph are shown in
Figure 62.
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Figure 62: Oshkosh HEMTT A4 – Differential Health Bands For 100% and 0% Lubrication With
Measured Experimental Data

In Figure 62, the blue data represents the two sets of five 1-second snapshots of the measured
vibration data associated with the 100% lubrication test condition and the red data represents the
two sets of five 1-second snapshots of the measured vibration data associated with 0% lubrication
test condition.

Using these 2nd order polynomial trend lines and health bands, the future sensor can intercept the
broadcasted vehicle speed from the CAN, measure the RMS acceleration generated from the
differential and then successfully associate those two values with an assigned state of the
lubrication level within the differential casing.

If that value falls below or between the two
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confidence bands associated with 100% lubrication, then the state of the differential will be
considered full. If the value falls between or above the two confidence bands associated with 0%
lubrication, then the state of the differential will be considered empty. Finally, if the value falls
between the lower confidence bound associated with 0% lubrication and above the confidence
bound associated with 100% lubrication, the state of the differential will be considered as leaking.
A visual representation of this concept is shown in Figure 63.

Figure 63: Oshkosh HEMTT A4 Differential Lubrication Level States
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7.2 Logarithmic Analysis
As shown in the previous figures, the measured RMS acceleration resulting from the vibrations
generated by the test differential appears to increase exponentially. To test this hypothesis, the
filtered data shown in Figure 59 was plotted on logarithmic horizontal and vertical axes, shown in
Figure 64.
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Figure 64: Oshkosh HEMTT A4 – Measured RMS Values For 100% and 0% Lubrication Test
Conditions – Pass-Band Filtered Centered On 6400 Hz – Logarithmic Scale

As shown in Figure 64, the measured RMS acceleration resulting from the vibrations generated
by the test differential increases linearly when applied to the logarithmically scaled axes. As
stated earlier, the measured acceleration associated with the vehicle traveling at 5 mph was so low
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during both lubrication level test conditions that the collected data from both test conditions
overlap each other. It isn’t until approximately 10 mph when a difference in the measured
acceleration can be detected. By removing the data associated with the vehicle traveling at 5 mph
a trend line was formed with an increased certainty. Also, by applying the natural-log scaling to
the data and plotting it on linear vertical and horizontal axes, a linear fit trend line was applied.
This will allow the slope of the resulting trend line to describe how the acceleration resulting
from the vibrations generated by the differential is related to the vehicle speed. This will also
allow for the estimation of the RMS acceleration at any given vehicle speed. This data is shown
in Figure 65.
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Figure 65: Oshkosh HEMTT A4 – Linear Fit Applied To Log-Scaled Measured RMS Values For
100% and 0% Lubrication Test Conditions
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Using the results from the linear fitted collected data shown in Figure 65, the RMS acceleration
resulting from the generated vibrations of the test differential can be estimated with an
astonishingly high amount of confidence. The slope and statistical data resulting from the linear
fit trend lines shown in Figure 65 are displayed below in Table 2.

Table 2: Data Extracted From Resulting Linear Fit Trend Line Shown In Figure 65
Lubrication
Level

Slope (log-g/logmph)

R2 Value

100%
0%

1.7823
1.8585

0.98953
0.99722

Percent
Uncertainty
(%)
2.3
1.2

Resulting Uncertainty
Factor (log-g/log-mph)
0.041
0.022

The results presented in Table 2 suggests that the acceleration, resulting from the vibration
generated by the test differential for the 100% and 0% lubrication level test condition, increases
1.7823 log-g per log-mph and 1.8585 log-g per log-mph respectively. These linear fitted trend
lines have a measurement fit-certainty of approximately 97.7% for the 100% lubrication test
conditions and 98.8% for the 0% lubrication test conditions. The high confidence in the fit of the
trend lines will allow the trend of the RMS acceleration associated with the state of the
lubrication level within the differential casing and higher vehicle speeds than the ones tested to be
estimated with a minimal amount of uncertainty.

CHAPTER 8
SUMMARY AND CONCLUSIONS

8.1 Summary
It has been shown that the state of the lubrication level within a differential casing can be
successfully determined by monitoring the vibrations generated by the differential. During this
research, experiments were performed on two military vehicles possessing two different
differential designs and both applications of this sensing technique presented encouraging results.
In Chapter Three, the data collected from the General Dynamics Stryker suggested that the
excitation of the resonant modes of the bolts used to fastened the differential casing together
could be exploited to monitor the level of the lubrication contained within the differential casing.
In Chapter Six, these same experiments were performed on an Oshkosh HEMTT A4 and the
results from the collected data agreed with the findings in Chapter Three, confirming the crossplatform capability of this sensing technique. Later, the correlation between the increase in the
measured acceleration due to the vibrations generated by the differential and the speed of the
vehicle was explored in Chapter Six. In Chapter Seven, the capabilities of this sensing technique
were investigated and ultimately Figure 63 was presented. Figure 63 successfully related the
measured acceleration due to the vibrations generated by the differential and the speed of the
vehicle to the state of the lubrication level within the differential casing. For the Oshkosh
HEMTT A4 application, the state of the lubrication level could be successfully classified as full,
leaking or empty using this sensing technique.
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8.1.1 Localization Of Monitored Vibrations
It is important to note that the vibrations used for this sensing technique are completely localized.
This sensing technique leverages the excited resonant modes of a structural bolt on the
differential to “peer” inside of the differential casing and measure the resulting lubrication level.
The source of the excitation of these resonant modes is the contact between the gear surfaces
within the differential and the resulting vibration of the differential structure. As the rotational
speed of the input driveshaft increases, resulting in an increase in rotational speed of the gears
within the differential casing, the generated vibrations from the differential structure increases in
magnitude. As a result, this increase in vibrations causes the excitation of the resonant modes of
the bolt to increase in magnitude as well, allowing the lubrication level within the differential
casing to be successfully monitored.

8.1.2 Limits
During the course of this research, limits to this sensing technique have been discovered. It has
been noted before that the ideal sensor employing this sensing technique would be an inexpensive
and low power implementation. This suggests that both the accelerometer and data acquisition
system must be low cost, limiting the frequency range of the resulting sensor. Leveraging the
excitation of the resonant modes of a structural differential bolt potentially involves monitoring
frequencies as high as 30 kHz, depending on the dimensions and material properties of the
monitored bolt. This research examined two differentials that both utilized differential casing
designs that used through bolts to fasten the casings of the differential together. This through bolt
design, called for relatively long and slender bolts to be employed in the design, allowing the
resonant modes of these bolts to exist at relatively low frequencies. If the bolt to be leveraged for
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this sensing technique is not of the through bolt design, the resulting resonant modes of the bolt
could be too high to monitor with relatively inexpensive equipment.

For a successful

implementation of this sensing technique, the bolt being leveraged must be a through bolt design,
which would result in the excitation of the resonant modes at lower frequencies.

In Chapter Seven it was suggested that the acceleration resulting from the vibrations generated by
the test differential for the Oshkosh HEMTT A4 during the 5 mph test was too similar for both
the 100% and 0% test conditions to detect a change in the state of the lubrication level within the
differential casing. The data shown in Figure 64 implies that the true state of the lubrication level
within the differential casing cannot be detected until after 10 mph. This limit forces this sensing
technique to only function on the Oshkosh HEMTT A4 from 10 to 60 mph. For a vehicle that
generally maintains a constant speed of approximately 25 to 40 mph while traveling in a convoy,
this sensing technique would prove to be ideal. [7]

8.2 General Dynamics Stryker And Oshkosh HEMTT A4 Comparison
In this research, the practicality of this sensing technique has been confirmed for the Oshkosh
HEMMT A4, but the full capability of this sensing technique for the General Dynamics Stryker
was unable to be defined. Even though the experiments that involved collecting the generated
vibrations at 5 mph increments was not performed on the Stryker, the collected data for the
constant 30 mph tests can be compared to the HEMTT A4 data. At 30 mph the measured RMS
acceleration resulting from the vibration generated by the test differential for both the Stryker and
HEMMT A4 are shown in Table 3. To be consistent, the Stryker data was filtered using a bandpass filter centered on the first torsional mode excited at approximately 8500 Hz. This was the
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same type of excited resonant mode leveraged to generate and define the states of the lubrication
level within the differential casing for the HEMTT A4 shown in Figure 63.

Table 3: Measured Acceleration From Constant 30 mph Test
Lubrication Level Test
Condition
100%
50%
0%

General Dynamics Stryker
RMS Acceleration (g)
0.2755
0.6331
1.8461

Oshkosh HEMTT A4 RMS
Acceleration (g)
0.0620
.1254

As shown in Table 3, the measured RMS acceleration values resulting from the vibrations
generated by the test differential on the General Dynamics Stryker are significantly larger in
magnitude than the RMS acceleration generated by the Oshkosh HEMTT A4 differential. The
Stryker differential is approximately 8 times smaller than the HEMTT A4 differential with
regards to the volume of lubrication required to fill the cavity to the maximum capacity. Not only
are the differentials designed differently, but they are also mounted to the structure of the vehicle
differently. The results presented in Table 3 suggest that the smaller, two-shell differential design
utilized by the Stryker would benefit more from this sensing technique than the HEMTT A4. Not
only was the 50% lubrication level able to be detected for the Stryker differential but the resulting
acceleration generated by the differential is much higher. This higher acceleration could prove to
provide a much better resolution than what has been established from the data collected from the
HEMTT A4.

Using the RMS acceleration values measured from the constant 30 mph test for the 100%, 50%
and 0% lubrication test conditions, a prediction of the resulting RMS acceleration values
measured for the speeds from 5 to 60 mph can be generated.

To construct this prediction, the
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data generated by the HEMTT A4 was extrapolated to match the data generated by the Stryker
during the constant 30 mph test. Unlike the HEMTT A4, the data collected from the Stryker
suggested that 50% lubrication level could be detected, so this “health band” has been included as
well.

This visual representation of the states of the lubrication level within the Stryker’s

differential casing is shown in Figure 66. The measured RMS acceleration values associated with
the 100%, 50% and 0% lubrication level test conditions for the constant 30 mph tests performed
with Stryker are also shown in Figure 66 as blue, yellow and red dots, respectively.

Figure 66: General Dynamics Stryker Differential Health Regions - Predicted

This prediction suggests that the state of the lubrication level within the Stryker’s differential
casing could be successfully measured within 25% or less of the initial lubrication level.
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8.3 Conclusions
The capability to accurately and reliably detect a loss of lubrication or the state of the lubrication
level in any mechanical system can greatly improve the ability to prevent mechanical component
failure. Using an accelerometer to detect lubrication loss is also advantageous because it can
serve multiple purposes for detecting faults in gears, bearings and shafts as well as providing an
indication of lubrication loss for the same system. This multiple purpose use could also validate
the cost of employing a lab-grade accelerometer for monitoring these conditions. This research
indicates that vibration analysis using an accelerometer attached to a differential, whether on the
General Dynamics Stryker or Oshkosh HEMTT A4, can be used to detect and monitor lubrication
loss in a closed-splash lubrication system.

This sensing technique could be straightforwardly applied to any automotive differential, from
compact cars to other military vehicles. As well as differentials, closed-splash type lubrication
systems are employed in many different gear systems, found in all types of machinery. However,
the success of this sensing technique depends on two unique elements:
1. The size of the differential casing, and therefore the size of the lubrication bath
2. The speed of rotating gears and bearings inside

The significance of the size of the differential casing has already been discussed but another
substantial factor is the speed of the rotating parts inside of the differential casing. In Figure 63 it
is evident that as the vehicle speed increases, so do the vibrations generated by the differential
and therefore the measured acceleration. In these higher speed and elevated acceleration regions,
the separation in the RMS acceleration defining the states of the lubrication level within the
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differential casing increases. This research suggests that the resolution of this sensing technique
increases as the generated acceleration elevates.

8.4 Recommended Future Work
This sensing technique, leveraging the excitation of the resonant modes of a bolt to detect and
monitor fluid levels within a structure, has a broad range of military and commercial applications.
Future work could consist of applying this sensing technique to automotive transfer cases,
automotive transmissions or even helicopter gearboxes. Employing this sensing technique in
vehicles such as helicopters, where the main rotor operates at a constant and relatively fast shaft
speed, would be an ideal application. As a comparison, the Sikorsky UH 60 Black Hawk
helicopter’s main rotor operates at a constant shaft speed of 258 RPM [11], which is similar to the
drive shaft speed of the Oshkosh HEMTT A4 traveling at 60 mph. This would allow this sensing
technique to operate in the elevated regions of acceleration and speed resulting in higher sensor
resolution.

The exploration of exploiting more than one resonant mode of the bolt in hopes to achieve greater
sensitivity and resolution could also provide for applicable future work. Comparing the RMS
acceleration generated by more than one excited resonant mode of the bolt would allow the state,
or health, of the differential to possibly be measured with more precision and accuracy. Once this
sensing technique has been maximized to the fullest potential, other future work could consist of
packaging this sensing technique into a physical sensor to be implemented and tested on a
vehicle’s differential system. Rapid prototyping microcontrollers such as the mBed, supplied
with the CAN protocols, can intercept the CAN message containing the vehicle speed and
successfully implement this sensing technique on a vehicle.
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Another meaningful topic to explore would be the affect that the load experienced by the vehicle
has on the vibrations generated by these differential systems. The data in Table 3 suggests that
there was a substantial difference in the measured vibrations generated by the General Dynamics
Stryker and the Oshkosh HEMTT A4. During the Stryker experiments, the Stryker was loaded
with five passengers inside of the hull as well as all of the vehicle’s computers and weaponry.
During the HEMTT A4 experiments, the HEMMT A4 was completely unloaded, only carrying 2
passengers, the necessary fuel and spare parts. This substantial difference in the generated RMS
acceleration between the Stryker and HEMTT A4 could be influenced by the difference in the as
tested load.

With more research, it would be probable that this sensing technique would possess the capability
to detect a leak and predict the time remaining before the monitored lubrication bath is
completely depleted.

As well as monitoring and reporting lubrication level, this sensing

technique could assist in the algorithms currently being developed for gear health and oil life.
This research and the resulting sensing technique have proven to only be a piece of the puzzle to
the ultimate goal of performing prognostics on this type of machinery. The prediction of the time
at which these systems and components enclosed within will no longer perform their intended
function, resulting in a failure, will only be achieved with more research.
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APPENDIX A
MATLAB CODE

Spectral Density Function
function [Gxx_avg,Specf,df_slice] =
WellsAutoSpectrum(fs,TimeData,PercentOverlap,Ninc,WinType)
%%% Included df_slice to check Mean Square
%%% Created by Stephen Wells
clear dt
clear N
dt=1/fs; %Time slice
N=length(TimeData); %Total points
noverlap=PercentOverlap/100;
Nl=floor((N-noverlap*Ninc)/(Ninc-(noverlap)*Ninc)); %# of averages -use floor to round down
Ntrig=0; % Trigger -- use to count the for loop
df_slice=fs/Ninc; %Depending on Ninc, the frequency bin width will
change
T_slice=Ninc*dt; %The total time vector will change depending on Ninc
%-- use to calculate Gxx
w=window(WinType,Ninc); %Use Hanning window to window the signal in
loop -- length Ninc
win_correction=length(w)/sum(w.^2); %Correction factor for Hanning
window
Gxx=zeros(Ninc/2+1,1);
for q=1:Nl
DataSlice=TimeData(1+Ntrig:(Ntrig+Ninc));
WinDataSlice=DataSlice.*w; %Use window
Xm(:,q)=(fft(WinDataSlice).*dt); %Linear Spectrum
Gxx(:,q) = 2/T_slice*abs(Xm(1:Ninc/2+1,q)).^2; %Calculate single
side PSD
Gxx(1,q) = 1/T_slice*abs(Xm(1,q))^2;
Gxx(Ninc/2+1,q) = 1/T_slice*abs(Xm(Ninc/2+1,q))^2;
Ntrig=Ntrig+(1-noverlap)*Ninc; %Increment Trigger
end
Gxx_avg=(sum(Gxx,2)/Nl.*win_correction); %Take average of Gxx
Specf=(0:Ninc/2).*(df_slice); %Set up frequency vector

Spectrogram Function

function [dBvalues,Specf,Spectime] =
WellsSpectrogram(fs,InputData,PercentOverlap,Ninc,WinType,Reference)
%%% Created by Stephen Wells
dt=1/fs; %Time slice
N=length(InputData); %Total points
T=N*dt;
df=fs/N;
noverlap=PercentOverlap/100;
Nl=floor((N-noverlap*Ninc)/(Ninc-(noverlap)*Ninc)); %# of averages -use floor to round down
Ntrig=0; %Trigger -- use to count the for loop
df_slice=fs/Ninc; %Depending on Ninc, the frequency bin width will
change
T_slice=Ninc*dt; %The total time vector will change depending on Ninc
%-- use to calculate Gxx
w=window(WinType,Ninc); %Use Hanning window to window the signal in
loop -- length Ninc
win_correction=length(w)/sum(w.^2); %Correction factor for Hanning
window
Gxx=zeros(Ninc/2+1,1);
for q=1:Nl
DataSlice=InputData(1+Ntrig:(Ntrig+Ninc));
WinDataSlice=DataSlice.*w; %Use window
Xm(:,q)=(fft(WinDataSlice).*dt); %Linear Spectrum
Gxx(:,q) = 2/T_slice*abs(Xm(1:Ninc/2+1,q)).^2; %Calculate single
side PSD
Gxx(1,q) = 1/T_slice*abs(Xm(1,q))^2;
Gxx(Ninc/2+1,q) = 1/T_slice*abs(Xm(Ninc/2+1,q))^2;
Ntrig=Ntrig+(1-noverlap)*Ninc; %Increment Trigger
end
Specf=(0:Ninc/2).*(df_slice); %Set up frequency vector
dBvalues=10*log10((Gxx(1:Ninc/2+1,:)*win_correction)/Reference);
Spectime=0:T/Nl:T-dt;
figure
imagesc(Specf,Spectime,dBvalues.');
axis xy
colormap(jet)
colorbar
title('Spectrogram')
xlabel('Frequency (Hz)')
ylabel('Time (s)')
z = colorbar('peer',gca);
set(get(z,'ylabel'),'String', 'g^2/Hz (re 1 g^2/Hz)');
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Oshkosh HEMTT A4 Differential Health Code
%%% Created By Stephen Wells
clear all
clc
close all
%%% Call Test Data
A4TestData_August21;
%%% Filter Data with Butterworth Band-Pass
f0 = 6436; %Center Band-Pass Filter
f1 = f0-1000; %-3dB point
f2 = f0+1000; %+3dB point
Norder = 4; %Order of filter
%%% Create Test Arrays
T1_100Data=[DataT_100_05,DataT_100_10,DataT_100_15,DataT_100_20,DataT_1
00_25,DataT_100_30,DataT_100_35,DataT_100_40,DataT_100_45,DataT_100_50,
DataT_100_55,DataT_100_60];
T2_100Data=[DataT_100_052,DataT_100_102,DataT_100_152,DataT_100_202,Dat
aT_100_252,DataT_100_302,DataT_100_352,DataT_100_402,DataT_100_452,Data
T_100_502,DataT_100_552,DataT_100_602];
T1_000Data=[DataT_000_05,DataT_000_10,DataT_000_15,DataT_000_20,DataT_0
00_25,DataT_000_30,DataT_000_35,DataT_000_40,DataT_000_45,DataT_000_50,
DataT_000_55,DataT_000_60];
T2_000Data=[DataT_000_052,DataT_000_102,DataT_000_152,DataT_000_202,Dat
aT_000_252,DataT_000_302,DataT_000_352,DataT_000_402,DataT_000_452,Data
T_000_502,DataT_000_552,DataT_000_602];
%%% Filter Data
%%% T1 = T1-100
%%% T2 = T2-100
%%% T3 = T1-000
%%% T4 = T2-000
[B,A] = Butterworth_BP(Norder,f1,f2,Fs);
T1_Data_filtered = filter(B,A,T1_100Data);
T2_Data_filtered = filter(B,A,T2_100Data);
T3_Data_filtered = filter(B,A,T1_000Data);
T4_Data_filtered = filter(B,A,T2_000Data);
TT=[T1_Data_filtered T2_Data_filtered T3_Data_filtered
T4_Data_filtered];
RMSlength=Fs;
trig=1;
TTRMS=zeros(length(Cal_Data)/RMSlength,48);
for jj=1:length(Cal_Data)/RMSlength
TTRMS(jj,:)=sqrt(mean((TT(trig:RMSlength*(jj),:).^2)));
trig=trig+RMSlength;
end
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MeanRMS=mean(TTRMS);
StdRMS=std(TTRMS);
SpeedVector=[5 10 15 20 25 30 35 40 45 50 55 60];
%%% Polyfit And Health Code
%%% Create a quadratic polynomial fit line for an equation that can
correlate any speed, 0-60 mph, to a design excitation depending on oil
level
p100=polyfit(SpeedVector,(MeanRMS(1:12)+MeanRMS(13:24))/2,2); %Use 2nd
Order Polynomial
p000=polyfit(SpeedVector,(MeanRMS(25:36)+MeanRMS(37:48))/2,2); %Use 2nd
Order Polynomial
XSpeed=0:1:60; %Vector containing 0-60 mph by 1 mph
Ynew100=polyval(p100,XSpeed); %New POLYNOMIAL for 100% Oil, 0-60 mph
Ynew000=polyval(p000,XSpeed); %New POLYNOMIAL for 0% Oil, 0-60 mph
%%% Create Health Bands for 100% lubrication case ... using 2*Std ==
95% confidence
p100p=polyfit(SpeedVector,(MeanRMS(1:12)+MeanRMS(13:24))/2+2*((StdRMS(1
:12)+StdRMS(13:24))/2),2); %Use 2nd Order Polynomial for Health Bands
p100m=polyfit(SpeedVector,(MeanRMS(1:12)+MeanRMS(13:24))/22*((StdRMS(1:12)+StdRMS(13:24))/2),2); %Use 2nd Order Polynomial for
Health Bands
HealthPlus100=polyval(p100p,XSpeed);
HealthMinus100=polyval(p100m,XSpeed);
%%% Create Health Bands for 0% lubrication case ... using 2*Std == 95%
confidence
p000p=polyfit(SpeedVector,(MeanRMS(25:36)+MeanRMS(37:48))/2+2*((StdRMS(
25:36)+StdRMS(37:48))/2),2); %Use 2nd Order Polynomial for Health Bands
p000m=polyfit(SpeedVector,(MeanRMS(25:36)+MeanRMS(37:48))/22*((StdRMS(25:36)+StdRMS(37:48))/2),2); %Use 2nd Order Polynomial for
Health Bands
HealthPlus000=polyval(p000p,XSpeed);
HealthMinus000=polyval(p000m,XSpeed);
%%% Plot Mean of RMS for both tests, mean POLYFIT AND Health Bands
plot(XSpeed,Ynew100,'b-')
hold on
plot(XSpeed,HealthPlus100,'c--',XSpeed,HealthMinus100,'c--')
hold on
plot(XSpeed,Ynew000,'r-')
hold on
plot(XSpeed,HealthPlus000,'m--',XSpeed,HealthMinus000,'m--')
hold on
plot(SpeedVector,TTRMS(:,1:12),'ko',SpeedVector,TTRMS(:,13:24),'ko')
hold on
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plot(SpeedVector,TTRMS(:,25:36),'ko',SpeedVector,TTRMS(:,37:48),'ko')
title('Oshkosh HEMTT A4 - Differential Health - With Experimental
Data')
xlabel('Vehicle Speed (mph)')
ylabel('Acceleration g (m/s^2) -- RMS')
legend('100% Lubrication 2nd Order Polynomial Fit','100% Upper Health
Band','100% Lower Health Band','0% Lubrication 2nd Order Polynomial
Fit','0% Upper Health Band','0% Lower Health Band','Experimental
Data','Location','North')
grid minor
set(gca,'XTickLabel',num2str(get(gca,'XTick')','%d'))
%%% Print PSD
print('-depsc','-tiff','r300','A4DifferentialHealth_withdata_17500example')

APPENDIX B
SPECTROGRAMS
In Chapter Three, the spectrogram generated by the Accel 4 was presented. That spectrogram
uncovered distinct structural resonances, caused by the excitation of the resonant modes of the
bolt for which Accel 4 was mounted. To compare the results generated from the velocity/timeevolution test for the other accelerometer positions, spectrograms were generated from the data
collected from these accelerometers in Figure 67, Figure 68 and Figure 69.
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Figure 67: General Dynamics Stryker - Accel 1 - 100% Lubrication Test Condition - Spectrogram
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Stryker − Accel 2 − Spectrogram
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Figure 68: General Dynamics Stryker - Accel 2 - 100% Lubrication Test Condition - Spectrogram
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Stryker − Accel 3 − Spectrogram
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Figure 69: General Dynamics Stryker - Accel 3 - 100% Lubrication Test Condition - Spectrogram

Note that in Figure 67, Figure 68 and Figure 69, the structural resonant frequencies experienced
by Accel 4 are not evident. However, one the structural resonant frequencies associated with the
first longitudinal mode of the bolt appears on the spectrogram created from the data collected
from Accel 3, shown in Figure 69. Recalling the information presented in Chapter Three, the
mounting location of Accel 3 was located on the bottom of the differential, right next to the bolt
for which Accel 4 was mounted.

APPENDIX C
EFFECTS OF TORQUE ON FREQUENCY RESPONSE
One of the most interesting issues pertaining to the use and implementation of a this sensing
technique is how the torque applied to the structural bolt affects the frequency at which the bolt’s
resonant modes excite. To explore this subject, experiments were performed on the Oshkosh
HEMTT A4. Much like the previous preliminary experiments, the HEMTT A4 was driven at a
constant 30 mph while 15-second snapshots of vibration data were collected. To explore the
affect that the torque applied to the bolt has on the resulting frequency response, data was
collected with different amounts of torque applied when the bolt was tightened. The maintenance
manual suggests that the each bolt holding the differential casing together should be torqued to
200 foot-pounds. The torque was applied to the bolt by a Craftsman Industrial torque wrench
with a primary scale range of 25 to 250 foot-pounds. This torque setting of 200 foot-pounds was
the first test condition performed and is shown in Figure 70.
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Oshkosh HEMTT A4 − Torque Effects On Frequency Response
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Figure 70: Oshkosh HEMTT A4 - Effects Of Torque On Frequency Response – PSD – Test
Condition Two

As shown in Figure 70, the frequency response appears identical to the results presented
previously in this research for the Oshkosh HEMTT A4. Before each experiment on HEMTT
A4, the bolt to which the accelerometer was mounted was torqued to this specification, so this
result was expected. To investigate the affects of a decrease in the amount of torque applied to
the differential bolt, data was collected when the bolt was fastened with an applied torque of 150
foot-pounds, approximately 50 foot-pounds lower than suggested by the maintenance manual.
The frequency response generated by this second test condition is shown in Figure 71.
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Oshkosh HEMTT A4 − Torque Effects On Frequency Response
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Figure 71: Oshkosh HEMTT A4 - Effects Of Torque On Frequency Response – PSD – Test
Condition Two

Figure 71 suggests that by decreasing the amount of applied torque by 50 foot-pounds, the
generated frequency response above approximately 29 kHz is significantly affected. Below 25
kHz, the frequency response remains similar to that produced by the first test condition. The
results presented in Chapter Seven leveraged the first torsional mode of the bolt, which excited at
approximately 6400 Hz appears to not disturbed by this decrease in the applied torque. So far this
experiment suggests that the same results presented in this thesis will be applicable even if there
is up to 50 foot-pounds less of the applied torque to the bolt that is being leveraged to monitor the
lubrication level contained within the differential.
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Test condition three consisted of collecting data while only 100 foot-pounds of torque was
applied to the differential bolt. This is approximately 50% less of the torque suggested by the
maintenance manual. The resulting data from this test condition is compared to the previous test
conditions in Figure 72.
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Figure 72: Oshkosh HEMTT A4 - Effects Of Torque On Frequency Response - PSD - Test
Condition Three

Like the frequency response associated with 150 foot-pounds applied to bolt, the frequency
response from test condition three and shown in Figure 72, seems to be affected significantly
above approximately 29 kHz. The lower frequency range, from approximately 15 kHz and
below, of the resulting frequency response is also affected significantly. The once prominent
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resonance located at approximately 6400 Hz has completely been removed from the resulting
frequency response. These results unveil yet another limit of this sensing technique. For accurate
results, the replacement “smart bolt” must be torqued to the specified torque suggested by the
maintenance manual.

To investigate how the frequency response changes to a severe decrease in the torque applied to
the bolt; data was collected while only 50 foot-pounds of torque was applied to the bolt. The
resulting data from this test condition is compared to the previous test conditions in Figure 73.
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Figure 73: Oshkosh HEMTT A4 - Effects Of Torque On Frequency Response - PSD - Test
Condition Four
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The resulting frequency response does not share any spectral characteristics with the fully torqued
test condition, verifying the need to torque to replacement “smart bolt” to the same torque
specified by the vehicle maintenance manual.
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