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ABSTRACT
Bearing degradation produces a fuel and operational penalty invisible to current energy
management systems, quantified in a companion paper as over $71 million in excess annual fuel
expenditure across Class I consists. Onboard vibration monitoring systems capable of detecting
early onset bearing degradation have been developed and tested by the University Transportation
Center for Railway Safety and HUM Industrial Technology; however, no architecture currently
exists to route this bearing health data into the locomotive's energy management layer for
real-time operational optimization. By transmitting the accumulated vibration readings obtained
by onboard sensors to the locomotive's main computer, a rolling-resistance adjustment factor can
be produced and used to correct the information gap in the optimization software. This paper
proposes a fleet-level health data layer in which persistent car-by-car bearing histories
accumulate across multiple locomotives and trips, enabling condition-based monitoring and
maintenance scheduling, optimized consist assembly and risk-graded cargo assignment. A
phased deployment strategy is presented beginning with hazmat transportation and specialty cars
where failure consequences far exceed sensor deployment costs. The implications for automated
consist management and freight rail data governance are addressed in a companion paper.

INTRODUCTION

As established in “Bearing Health
Economics and the Energy Management
Information Gap in North American Freight
Rail”, the effects of bearing degradation
within the Class I railroads can be quantified
as substantial fuel losses amounting to over
$71 million in excess annual fuel
expenditure [1]. Despite the genuinely
effective efforts of optimizing route
performance with existing software like Trip
Optimizer [7] and SmartHPT [8], the gap
between bearing health detection and ride
efficiency optimization remains substantial ;
and while current methods enable the
tracking of bearing heat buildup over time,
current temperature-based methods detect
degradation only after structural damage has
become irreversible.

In order to fully bridge this gap,
vibration analysis can be implemented to
track the frequencies of the vibrations

produced by degraded bearings and cross
reference those values with established
vibration thresholds for healthy bearings as
well as known defect signatures at specific
frequencies [2]. It was found in laboratory
testing of bearings from long-idled cars that
the vibrations rose while the temperature
stayed within normal levels proving their
utility in early degradation detection [3].
The placement of the detection modules
themselves has been defined; the bearing
adapter has been shown to behave as a
lumped-capacitance body, meaning the
sensor module can be mounted wherever the
adapter geometry permits without
compromising thermal measurement
accuracy [4]. The system in its entirety has
also been field tested on a short-line railroad
to ensure its operability [5]. The
thermoelectric energy harvesting has been
demonstrated to produce more than enough
energy to run the module indefinitely



without the need for battery replacement [6].
What now remains unsolved is how the
aggregate data is used by the freight
computer in real time.

Existing software systems are
optimized for alerting the operators in the
event of safety or maintenance concerns, but
we can go one step further. By feeding the
vibration data into the existing Trip
Optimizer and SmartHPT systems, the
locomotive can better adjust its throttling
and braking by taking into account the
excess load derived from the degraded
bearings. Furthermore, the locomotive's
computer can catalogue which cars in the
consist are showing signs of material wear
and propagate this data to dispatch, forming
a fleet-level health record of all active
rolling stock that maintenance centers and
other locomotives can reference.

This paper details the path bearing
health data travels from the onboard sensor
module (powered by thermoelectric energy
harvesting) to the locomotive computer. It
then presents how that data integrates with
existing energy management systems and
propagates to dispatch and the wider rail
network.

Section 2 describes the validated
onboard sensor layer and its integration into
existing rolling stock. Section 3 details the
integration architecture linking the sensor
data in bearing health analysis and then into
the energy management systems. Section 4
develops the fleet health data layer and its
dispatch applications. Section 5 concludes
and points towards further associated work.
ONBOARD SENSOR VALIDATION

The current gap in rail based health
monitoring systems is a symptom of their
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reliance on heat based measurement
processes placed on trackside Hot-Box
Detectors (HBDs). These devices are spaced
25-40 miles apart across approximately
6,000 installations in North America [4]. A
bearing burnout can occur in as little as 3
minutes, which means that a freight car
traveling at 60mph can experience
catastrophic failure within just 3 miles, well
within the gap between detectors [4]. The
HBD temperature readings are also reactive;
they do not enable the operators to prevent
damage from occurring. The readings only
appear once the damage is already done, at
which point there is already extensive
structural damage that is often irreversible.
Beyond that, HBDs have been proven to
exhibit inconsistent results with false
positives causing unnecessary stops, and
false negatives leading to bearing
destruction [4]. In contrast, onboard
vibration based monitoring detects
defect-frequency signatures through direct
contact with the bearing adapter, long before
thermal signatures emerge. The collected
data shows that vibration thresholds had
risen above healthy thresholds starting at
just 36,000 test miles while temperature
readings remained well below the 170°F
threshold [3].

The UTCRS/HUM Boomerang
module contains a temperature sensor, a
high-accuracy analogue accelerometer, and a
microcontroller with Bluetooth Low Energy
capability [5]. To prepare the mounting
location , the bearing adapters on the chosen
railcar were modified using simple drill and
tap methods so that the Boomerang could be
firmly affixed [5]. The system configuration
places one sensing module per bearing for a



total of eight per railcar. The module is
mounted to align the accelerometer with the
bearing’s loaded-zone top-dead-center
(TDC) where the bearing experiences the
maximum applied load [5].

By conducting finite element
analysis on the structure of this system it
was determined that the bearing adapter
acted as a lumped capacitance body , which
is an object analyzed in heat transfer where
internal temperature changes are so small
they can be ignored. This allows the onboard
sensor modules to be placed anywhere the
adapter geometry permits, simplifying the
installation procedure [4]. Laboratory testing
on the UTCRS dynamic bearing test rig
demonstrated that vibration analysis was
able to isolate bearing damage when the
spall was just 8.98 cm?, which accounts for
just 2.4% of the 367.28cm? total single cup
raceway area [2]. This demonstrates that the
sensor is capable of detecting defects well
before they magnify into high-risk defects
that occupy over 90% of the bearing
components' rolling surface, also known as
"growlers" [2]. It also demonstrated the
durability of the system as the testing rig
was loaded to the equivalent of 110% of a
full load while traveling at 85mph [2].

The high level of isolation accuracy
is further improved by utilizing analysis of
the Normalized Defect Energy (NDE).
Three different equation setups are used to
calculate the NDEs [2]. The highest NDE
value divided by the sum of all NDEs yields
a percentage indicating the expected defect
type. Ratios above 50% indicate a localized
defect on the component with the highest
normalized energy; ratios below 50%
suggest distributed defects, geometric
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anomalies, or a false indication [2]. This
process aids in the isolation of degradation
location [2]. While the pilot deployment
instrumented a single railcar, the
deployment strategy and economic
justification for fleet-wide adoption are
addressed in Section 4.

In order to power this device the
Boomerang is linked to a separate device
known as The Gateway that acts both as a
power source and a communication system
[5]. The Gateway is mounted to receive
direct sunlight, using solar energy to
periodically recharge its battery [5]. Its
placement must also guarantee optimal
distance and arrangement for direct wireless
communication as all readings of the
Boomerang system will be transmitted via
cellular to the main HUM’s cloud server.The
server's software analyzes the incoming data
in real time and issues email notifications
when a vibration or temperature metric
surpasses a predetermined threshold [5]. The
Gateway also contains built-in GPS
tracking, enabling it to pair each dataset with
a positional timestamp [5]. During a revenue
service field test, an anomalous vibration
event was traced via GPS to a physical track
defect within just 10 feet of the timestamped
location [5].

While the solar-powered system
functions well as a proof of concept,
large-scale fleet deployment may benefit
from an alternative power source.
Thermoelectric generator modules with
aluminum heat sinks mounted on bearing
adapters can harvest heat from the natural
friction of the bearings combined with the
cooler ambient air, and with that heat
differential generate electric current to



charge the batteries that power the sensors
and communications arrays [6]. Upon
testing this system in a laboratory setting in
simulated routes up to 896 miles, it was
found that this system could supply more
than double the amount of energy consumed
by the Boomerang system in that period of
time, meaning battery-replacement-free
operation is feasible [6]. The same thermal
energy that powers this system would in and
of itself be a means of tracking bearing
health. An increase in energy harvested by
the TEG modules could itself serve as an
indirect indicator of rising bearing
temperature, prompting further
investigation.

ENERGY MANAGEMENT SYSTEM
INTEGRATION

By understanding how bearing health
data can be collected, transmitted and
reliably powered, the question remains of
how exactly this data can benefit the
operations of the train itself. Locomotive
software programs like Trip Optimizer and
SmartHPT operate on nominal consist
weight as a means of determining throttling
and acceleration values for optimal fuel
efficiency. The weight values provided to
the software are static numbers; measured
once and assigned at the yard as the consist
is assembled, there is no mechanism for
receiving live condition data from onboard
sensors to augment these values [1].

To improve this system, the data
collected and transmitted by the Boomerang
sensor can be streamed from its collection
point in the cloud server directly to the
locomotive computer via cellular network.
This data would not only include
information regarding the health of the

Calderon 4

bearing under analysis, but also the GPS
stamped coordinates of where certain
frequency disruptions occurred.
Alternatively, the Boomerang data could be
streamed directly to the locomotive ahead,
bypassing cellular dependency in regions
where network coverage is unreliable.

Once there, it can be fed to the
onboard software, either Trip Optimizer or
SmartHPT. The aggregated bearing health is
then analyzed to derive a “rolling resistance
adjustment factor” representing the per-car
or per-consist bearing health and its impact
on rolling resistance due to the increased
friction of bearing degradation. This
adjustment factor can be applied to the
existing consist weight to improve its
accuracy. A consist with degraded bearings
has a higher effective rolling resistance than
its nominal weight implies [1]; furthermore,
additional mechanical wear can accumulate
in the wheels and bearings over the course
of the journey, further increasing rolling
resistance. By using the Boomerang data
being accumulated as the train rolls, the
“true resistance” that the locomotive pulls
can be consistently updated with a higher
rolling resistance adjustment factor, with the
locomotive adjusting its operations as
needed. For example, consider an
intermodal consist that weighs 7,000 tons,
the onboard optimization software would
augment the train's operations for a 7,000
ton load. Over the first few miles as the
Boomerangs accumulate bearing data and
send it to the onboard computer, the
computer may determine that the aggregate
bearing degradation at current speeds would
produce an increase in rolling resistance of
5%; the optimization software adjusts its



calculations to account for an effective
consist resistance equivalent to 7,350 tons,
maintaining optimal efficiency for the
remainder of the journey.

This integration architecture is a
proposed systems-level design. The sensing
layer is validated as described in Section 2,
and the energy management systems are
validated and commercially deployed. The
integration pathway connecting them has not
been built or tested by any party.

While the proposed system addresses
operational efficiency during a freight train's
journey, the applications for aggregated
bearing health data expand far beyond a
single trip. A railcar’s bearing health history
persists across every single locomotive that
pulls it, in effect curating a “medical profile”
for the mechanical components of all
railcars equipped with the Boomerang
sensor as it rolls.

FLEET HEALTH DATA LAYER AND
DEPLOYMENT STRATEGY

Every time a locomotive pulls a
Boomerang equipped railcar, it collects
bearing health data for that car. When the
car is pulled by a different locomotive on a
different route with different conditions
more data is collected. Over time, across
multiple trips, locomotives and
environments, a persistent health record is
accumulated for each instrumented car - a
continuous medical history that follows the
car wherever it goes in the network. This is
fundamentally different from current
practices. Currently railcars are maintained
on a fixed schedule, with specific
inspections only taking place upon suspicion
of mechanical failure with no continuity
between assessments. The data obtained by
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the Boomerang is a geo-referenced, time
stamped record of vibration anomaly
detection. This enables the analysis of
bearing degradation over time, track
geometry discrepancies, and the
identification of which specific bearing
components are affected. This record lives
on the cloud server and is accessible to any
locomotive that subsequently handles the
car, dispatch and maintenance facilities.
This data has numerous uses;
maintenance facilities can use this data to
generate preventative maintenance
schedules for afflicted rail cars. When
several locomotives report that a specific
railcar has experienced issues, instead of
running it until its next scheduled servicing
session based on mileage or time intervals,
the car can be set aside and inspected earlier
to treat any ailments and correct defects.
This enables the shift from calendar-based to
condition-based maintenance which reduces
both unnecessary inspections (cars pulled
from service that didn’t require it) and
missed degradation (cars left in service that
required treatment). This would greatly
improve fleet reliability and safety, reducing
the number of cars operating with
undetected defects that could lead to
derailment events. Beyond the preventive
maintenance applications, this data could be
used to optimize consist assembly
operations. When a yard assembles a rail
consist, dispatch can use the health data to
arrange rail cars and make informed
placement decisions. Cars with strong health
histories can be assigned to longer or
heavier routes. Cars showing early stage
degradation can either be assigned to shorter
and lighter runs or flagged for inspection



before their next departure. This is
consist-level decision making that currently
operates on inspection stamps and nominal
data alone.

This data also has applications in
specialty rail operations, particularly that of
the transportation of hazardous materials.
Current hazmat car assignment follows
rigorous fixed inspection cycles, only a car
that meets these stringent requirements can
carry hazardous materials. This new data
architecture, a continuously quantified
health history, provides much more granular
information to inform consist decisions over
a simple pass/fail inspection. A railcar that
receives consistently high health scores from
different locomotives operating in different
environments represents a much lower
derailment risk from bearing failure than a
car that technically passes inspection but has
shown early degradation. While this system
is by no means a replacement for current
inspection processes, it acts as another
useful input to ensure that the most volatile
cargo is transported by the most robust
rolling stock available. Beyond hazardous
cargo, bearing health data can be used to
inform inspection and maintenance
decisions for specialty heavy haul
equipment Schnabel wagons,
dimensional-load carriers and other high
value transport equipment. A bearing failure
on specialty heavy-haul equipment
represents disproportionate financial and
operational risk compared to a failure on
standard freight rolling stock. Continuous
health monitoring on these assets is justified
by the replacement cost of the cargo should
a derailment occur as a result of faulty or
failing bearings.
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While the benefits of this system are
clear, the cost of implementing a fleet wide
deployment of Boomerang sensors is
substantial. As such a phased rollout could
be implemented to ease the industry into this
system, delivering benefits faster and
postponing the major costs until the trust
and usage case is built.

The deployment strategy would first
begin with hazmat tank cars. They already
operate under federal oversight and
represent the highest consequence-of-failure
risk should a derailment occur. This was
demonstrated in the East Palestine
derailment wherein trackside detection
methods failed to prevent a catastrophic
hazmat event [1]. The existing regulatory
framework for hazmat rolling stock makes
this car class the most economically and
politically viable entry point for mandated
onboard condition monitoring. Once the
market is established, the second tier targets
specialty heavy-haul equipment like
Schnabel wagons, dimensional-load carriers,
and other high-value, low-quantity assets
where the per-unit value of the asset being
transported far outweighs the cost of sensor
deployment. Beyond that, high-utilization
general freight cars would be the next target.
Cars exceeding certain mileage thresholds,
operate in aggressive environments or
assigned heavy-traffic corridors where
bearing degradation rates are highest and the
fuel-penalty caused by degrading bearings
has a tangible financial impact, are perfect
candidates for bearing monitoring software
to improve efficiency. At this point the
system has been established to the point
where general fleet wide expansion is
feasible as unit cost decreases with



production scale and the operational value of
fleet-wide coverage is demonstrated within
the previous three tiers. As for installation
procedures, the pilot installation used
drill-and-tap adapter modifications.
Fleet-scale deployment would likely require
purpose-built adapter design or standardized
mounting interfaces (such as mechanical,
magnetic or adhesive attachments)
integrated during manufacturing or
scheduled maintenance cycles, reducing the
per-unit installation time and cost;
furthermore, such standardized interfaces
could enable railcars to temporarily operate
with Boomerang sensor equipment for just a
few trips, building a health profile before the
sensor is removed and placed on another car
for a series of trips; this cycle repeats until a
series of bearing health reports have been
built for dozens of railcars using just one
sensor set. While this approach builds
historical health profiles rather than enabling
real-time optimization, it extends the reach
of the fleet health-data layer to cars that do
not justify permanent instrumentation. This
would make deployment on standard railcars
more feasible as a separate sensor set, while
efficient, is not required to build a health
report for a select railcar.

This fleet level data layer and
integration architecture together addresses
the gap of chronic fuel inefficiencies. But
the logical extension of this architecture
goes further: a locomotive computer with
access to real time railcar health and overall
consist performance analysis is capable of
performing functions that approach
automated consist management, optimizing
not just fuel burn but operational decision
making at a level that exceeds manual
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capability. This would by no means replace
the need for internal human engineers, but
the implications of this for freight rail
automation, including crew role evolution
and data governance across multi-railroad
interchange could impact the future of
freight rail operations; the implications of
which are addressed in a companion paper.
CONCLUSION

Bearing degradation in Class I
freight railroads produces a fuel and
operational efficiency penalty that current
management systems do not take into
account [1]. This paper describes the
validated onboard sensing layer capable of
detecting vibration discrepancies in rail
bearings, and can isolate the specific bearing
components where damage has occurred. An
integration architecture is proposed that
would route bearing health data into the
locomotive's energy management systems as
a rolling-resistance adjustment factor. The
analysis of the collected data can be used to
develop a fleet health-data layer with its
operational applications and phased
deployment.

The sensing and detection layer
draws on the validated work of UTCRS and
HUM Industrial Technology. This paper's
contribution focuses on the integration
between these data layers and the
locomotive’s optimization software to
decrease fuel inefficiencies. It also provides
new methods for dispatch and maintenance
operators to utilize fleet level health data to
transform discrete sensor readings into
persistent actionable car-by-car medical
histories to make better informed decisions
on freight consist assembly.



While the logic is sound, the
integration pathway has not yet been built or
tested. The sensing layer has been validated
and deployed; the connection between the
sensing layer and optimization software
remains a proposed architecture. Fleet wide
deployment is reliant on the phased strategy
outlined in Section 4 and on the
development of standardized non-invasive
mounting interfaces.

The integration architecture
proposed here enables operational
capabilities that approach automated consist
management. The implications for the future
of freight rail operations, including the
evolution of onboard crew roles from
manual operation to supervisory oversight,
and the data governance questions arising
from multi-railroad health-data interchange
are the subject of a companion paper.

Closing the energy management
information gap requires more than just
better sensors; it requires the internal data
architecture to process information and
implement it in tangible operations,
connecting the bearing to the balance sheet.
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