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ABSTRACT

Diedrich, Thomas M., Onboard Load Sensor Prototype for Use in Freight Railcar Service.

Master of Science (MS), August, 2015, 124 pp., 4 tables, 62 figures, 14 references.

Determining the exact load carried by an individual railcar is crucial in the railroad

industry. With an accurate load measurement, the filling process can be optimized to provide

maximum cargo load without exceeding the loading thresholds set by the Association of

American Railroads (AAR). In addition to optimizing the cargo load, an accurate load

measurement will make it possible to identify any load imbalance in the railcar which has

detrimental effects on bearing. Previous work conducted with a strain-gauge-based load sensor

suspended between a thermoplastic steering pad and a bearing adapter provided accurate load

data in the laboratory setting. This thesis details the work performed to optimize the load sensor

for use in freight railcars, which includes developing a calibration procedure suitable for field

service. The thesis also summarizes the efforts undertaken to produce eight load sensor

prototypes in preparation for field testing on a freight railcar.
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CHAPTER I

BRIDGING THE GAP BETWEEN SEASONED SOLUTIONS AND CUTTING EDGE
TECHNOLOGY

Transportation of cargo by rail is the most efficient method currently in use. According to

[1]. Although

rail is arguably one of the most efficient methods of transportation, limitations do exist. For

instance, all systems of the railcar must work in perfect unison to ensure the safety of the cargo

as well as anyone in the proximity of the train. One of the main components of the suspension

system that can suffer catastrophic failure is the tapered roller bearing. Current solutions are in

place to monitor bearing health, however, studies have proven these methods to be crude and

ineffective [2].

In order to fully characterize the health of a railroad bearing, three areas must be of focus:

temperature monitoring, vibration analysis, and load measurement. The Railroad Research

Group at the University of Texas-Pan American has dedicated years of research and testing to

develop a complete bearing health monitoring system known as a Smart Adapter that

incorporates all three of these areas. This thesis focuses on the design and implementation of a

Smart Adapter Insert containing a strain gauge sensor capable of measuring the load applied to

the bearing, as well as two analog temperature sensors that capture the temperature of the

inboard and outboard curved portions of the bearing adapter. The insert will be a near-final stage
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prototype that can be tested in the laboratory as well as field tested for accuracy and

survivability.

1.1 Importance of Load Measurement

The rail industry would like to improve upon the traditional ways of filling a railcar with

a higher accuracy than the crude method of filling a car up to the appropriate line, known as

volume loading. A simple and accurate sensor could be used to inform the buyer, and seller, of

the amount of cargo filled and use that information to bill the customer for the exact amount of

goods that was loaded. The sensor would also be able to inform the loading personnel when the

car has reached the maximum load during filling operations. This sensor would ensure that every

car is loaded to its full capacity and the train is running in the most efficient manner possible.

Apart from knowing the amount of cargo that was placed in the car, the sensor would

also be able to detect if any of the cargo is lost during transport or if a tanker car is leaking over a

period of time. The latter is crucial information when transporting hazardous or combustible

materials in the form of liquids or solids. In North America alone, four train derailments have

occurred due to oil-related leaks from oil tanker cars. Once implemented, this sensor would be

ideal for detecting leaks, and as a result, prevent derailments caused by dangerous material leaks.

The addition of an onboard load sensor would have the potential to identify and monitor

wheels flats as well as track defects to ensure the entire system is safe for transportation.

According to the Engineering Standard Rolling Stock (ESR) Wheel Defect Manual, railcars with

defective wheels may cause damage to both the track and the vehicle or lead to derailment [3]. If

the sensor is able to detect instantaneous spikes in load, which is a typical indication of wheel

and track defects, the problem can be addressed before any major issues arise.
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t an accurate load measurement of the railcar

is being able to incorporate that load measurement into other aspects of the car such as breaking

measurement of the railcar to determine and apply the appropriate amount of breaking pressure

needed to subdue the momentum of the railcar. Applying the appropriate breaking pressure is

imperative to the safety of the railcar and its cargo. If the wrong amount is applied, then wheel

flats can develop, which can then lead to track or railcar damage. The current technology

implemented in the field to determine breaking pressure simply outputs whether a car is empty or

loaded, which can either under- or overestimate the required breaking force. Employing the

information given by the sensor could determine the precise breaking force necessary to stop the

railcar, which would contribute to increased wheel life.

ovides endless

possibilities of safety features that can be added to the railcar to produce the safest and most

efficient trains on the tracks. Aside from efficiently transporting cargo across the nation, this

sensor would also save the rail industry millions of dollars by eliminating the need to request

cargo weigh-ins. Depending on the type of scale used to measure cargo load, the cost of

weighing an individual car can range from $100 to $500 [4]. Not only would the sensor provide

savings from weighing of individual cars, but prevent costly fines that would be applied to any

accidental overloadings that occur. Overloadings that could also possibly damage the track and

railcar making unsafe conditions for everyone.

1.2 Temperature Use

In addition to load measurement, the insert also has the capability of measuring the

car. This is
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the region where the adapter and roller bearing cup make direct contact. An illustration of the

curved portions can be seen in CHAPTER II Figure 4(b). These temperature sensors are capable

of providing accurate temperature measurements without physically touching the bearing, and

because of the location of the sensors, the lag experienced during a temperature change will be

minimal.

Bearing temperature is typically a direct indicator of bearing malfunction. Some of the

most common problems that tend to increase operating temperature include spall formations,

grease deterioration, geometric inconsistencies of the bearing components, and overloading of

the bearing. Although high bearing operating temperatures do not indicate the exact cause of the

issue, it can be used as a warning indicator that suggests the bearing should be closely monitored

and further analyzed. Also, in extreme cases, if the measured temperature reaches AAR

thresholds, immediate action should be taken to prevent any train or cargo damage.

1.3 Positive Train Control

[5]. This problem was the result of the

strict regulations the U.S. had placed on the freight rail industry. The regulations restricted the

rail industry from controlling shipping rates, among other aspects of the industry, as well as

making all business dealings public knowledge. However, thanks to the Stagers Act of 1980, the

laws were changed allowing the railroad to base their rates on market demand and conduct

Although the Stagers Act of 1980 gave control back to the rail industry, congress still retained

the authority to protect shippers from unreasonable railroad pricing to ensure the railroads were
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honest [5]. The aforementioned boosted the rail industry economy and made it, once again, a

service worthy of investment.

Although congress is a big supporter of rail, they are currently demanding better

awareness of train cars to ensure that fewer accidents occur. To accomplish this, congress signed

a legislation that mandated positive train control (PTC) be placed in all rail lines used for

passengers and toxic materials by the end of 2015 [6]. Although the rail industry has asked for an

extension to allow PTC to be further improved, the rail industry is still providing funding

towards better technology that can be placed on railcars. With a push from Congress, PTC has

provided a large market for advanced monitoring technology in rail.

1.4 Current Technology

One method to identify wheel impacts is the Wheel Impact Load Detector (WILD). This

system is the industry standard for monitoring and measuring wheel impacts. The first generation

WILD system was composed of strain gauges mounted directly on a section of rail. The strain

gauges were used to measure the force applied by wheel defects that crossed the track. The strain

gauge would then output a voltage that was correlated to the force seen by the particular wheel

defect. A computer would then determine if the train needed immediate action or was able to

continue operation. The second generation WILD system utilizes accelerometers, which are

mounted to the track, to measure the vibration caused by a wheel impact. That measurement is

then used to evaluate the size of the wheel defect. Figure 1 is a picture of the second generation

WILD system. Along with the instrumented track, the WILD system also needs an on-site signal

processor, a control PC, modems, Automatic Equipment Identification (AEI) and computers for

local or remote diagnosis and monitoring [7].
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Figure 1: WILD System, Wheel Sensor (Left circle) and Accelerometers Installed on Track
(Right Circle) [7]

Weigh bridges are nearly identical to a WILD system with the exception that the bridges

exclusively use strain gauges to measure the entire weight of the car. This information is stored

in a database, and if any car is detected as overweight, then the data is sent to the appropriate

personnel to ensure the railcar is still safe. The appropriate owner is also notified and receives a

fine to ensure that future trains carry the appropriate weight, providing safety to the track,

tapered roller bearings and wheels.

Volume loading is the simple process of taking a known commodity and filling the train

car to an appropriate line that is typically used to approximate the full load. Although this

method is not exact, it is used when the density of the products does not change significantly,

such as grain or corn. This method rarely fills the train car to its maximum load because of the

human error involved in spotting when the car is filled. In order for an operator to load corn
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within a ±1% accuracy, they would have to correctly stop loading corn within 1.25 inches of the

corresponding line every single time.

The breaking system on a railcar plays a very important role in cargo transportation.

Functionality of the system can be the difference between a typical day and a catastrophe. In

order for a train to achieve maximum breaking effectiveness, the breaking pressure must be

adjusted according to how much load is carried by the train car. Safe transportation of goods

relies heavily on the proper functionality of the components that make up the freight car, an

example of such components are the wheels. Locking of the wheels could occur if too much

force is applied during breaking, which is why applying the correct amount of breaking pressure

to the wheels is of great importance. Current wheel breaking on conventional freight railcars is

achieved by using a double break cylinder with compressed air acting on a large cylinder for a

loaded railcar and switching to a small cylinder for a car in the unloaded state. An illustration of

the double break cylinder is depicted in Figure 2. Although, this breaking system is simplistic, it

can only be used for freight railcars operating less than 75 mph. For passenger trains, or high

speed trains, a proportional breaking system is needed to account for the exact amount of weight

applied to the train and apply a corresponding air pressure to ensure adequate breaking force.

The appropriate air pressure is determined by the amount of deflection measured from the

suspension springs [8]. This method of measurement can provide a close approximation to the

amount of mass in the car, but cannot be used to achieve accuracies in the ±1% range.
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Figure 2: Double break cylinder [8]

A hot-box detector is an infrared based, non-contact, temperature measurement device

that reads the bearing temperature as the train passes over the sensor. Although hot-box detectors

were previously designed to flag bearings operating 170ºF above ambient for immediate

removal, recent improvements to the system allowed for a comprehensive temperature

examination of all the bearings on the train and flag the ones op

comprehensive operating temperatures [9]

later time,

collected by Amsted Rail from 2001 to 2007, an average of nearly 40% of bearing removals are

non-verified. A non-verified bearing is one that, upon disassembly and inspection, is found not to

exhibit any of the common documented causes of bearing failure such as spalling, water

[10].

With 40% of the bearings being possibly healthy, a tremendous amount of time, effort, money,

and energy is wasted removing these possibly misdiagnosed bearings. If a new sensor were
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developed that was capable of identifying high-temperature bearings while also determining

whether that bearing was, in fact, defective, then there would be fewer removals of

misdiagnosed, defect-free (healthy) bearings.

The goal of the Railroad Research Group at the University of Texas-Pan American is to

incorporate all of the abovementioned precautionary safety methods into a single railcar

monitoring device that can be placed on all railcars. This device will act as a complete health

monitoring system capable of measuring the weight of a car, detecting wheel and bearing

defects, while also monitoring bearing temperature. Once the device is manufactured, the Smart

Adapter will make any train utilizing this technology, the safest train on the tracks.

1.5 Building Towards the Future

This thesis is a continuation of the work done by Saenz [11] at the University of Texas-

Pan American, which created a working prototype of a load sensor that was able to produce a

useable signal with a steel insert design. Although the prototype was able provide a clean signal

clearly showing a response to the load applied to the bearing, the sensor still had room for

improvement. This thesis will optimize the load sensor to produce a steady signal during use. A

calibration procedure will also be devised to correlate the sensors output to the corresponding

load applied. Also eight prototypes will be manufactured and calibrated for use in an upcoming

field test that will validate the sensors performance and reliability.
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CHAPTER II

LABORATORY SETUP AND INSERT DESIGN

Design changes and enhancements are imperative to improve upon the performance and

design of a sensor until the best possible accuracy is achieved with the simplest of designs that

lends itself to ease of manufacturability. However, determining what design changes will

produce a more accurate and repeatable sensor requires extensive experimentation. The

experiments must be completed on closely controlled test rigs capable of capturing the actual test

conditions in order to produce usable data that can then be properly evaluated. Using the

acquired data, educated decisions on the sensor development can be accomplished.

2.1 Experimental Setup

2.1.1 Typical Bearing Setup and Nomenclature

The main objective of the Smart Adapter is to produce a load sensor and two temperature

sensors embedded in-be steering pad and the steel bearing adapter in a

freight railcar. The final product will be a complete self-contained wireless unit reporting the

sensor readings to a central location. The typical assembly of a freight railcar truck can be seen

in Figure 3, where is also highlighted. It should also be noted that a

total of eight

bearing would be equipped with a Smart Adapter to completely monitor each bearing as well as

produce a real time response for any load imbalances or shifts during operation on gradients and

around curves.
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Figure 4: Bottom Side of Bearing Adapter Showing
Curved Portion, (c) Smart Insert Prototype

2.1.2 Single Bearing Tester

Experiments were conducted on the Single Bearing Test Rig at the University of Texas-

Pan American. The Single Bearing Tester, referred to as SBT, has many advantages that made it

the most suitable laboratory setup for conducting controlled experiments on the Smart Adapter

Insert. The SBT is capable of simulating conditions a railroad bearing would experience in field

service. The SBT allows for static testing as well as dynamic testing at speeds varying from 5 to

85 mph. Additional field service conditions can be simulated such as impacts due to wheel flats

or track defects, and lateral loading resulting from a train negotiating a curve. To apply the
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typical load a bearing experiences at 100% load capacity (34,400 lbf or 153 kN), a hydraulic

cylinder is utilized. This hydraulic cylinder, along with additional equipment, known as the load

controller, was designed and fabricated at the University of Texas-Pan American. The load

controller provides an accurate and constant load by monitoring the output of the load cell and

actuating the hydraulic cylinder to maintain a specified load. The load controller can also actuate

the hydraulic cylinder to simulate the filling process of a freight railcar at different loading rates

ranging from slow filling (> 7 min) to fast filling (< 7 min). The hydraulic cylinder, load

controller, and other components of the SBT are pictured in Figure 5.

Figure 5: Single Bearing Test Rig with Annotations
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2.1.3 Data Acquisition System

AQ-9474 USB chassis along

with a NI 9205, 32 channel, ±10V, analog input module. Data acquisition for the strain gauge

and temperature sensors were carried out at a rate of 50 Hz and post processed with a moving

average of 2 seconds or 100 data points. The cDAQ-9474 chassis can be seen in Figure 6, as well

as the additional slots where additional cards can be installed to provide a versatile data

acquisition device.

Figure 6: NI cDaq-9474 USB Chassis with Removable Card

2.1.4 Load Controller

One of the difficult tasks of preforming controlled experiments was the ability to hold a

constant load on the SBT. The fluctuations in load were caused by the thermal expansion and

compression of the hydraulic fluid in the hydraulic cylinder. Initially, the load is set by pumping

an appropriate amount of hydraulic fluid to provide the pressure that corresponds to the desired

load setting. However, although the hydraulic cylinder valve is properly closed, changes in the

ambient conditions or in the overall temperature of the test rig would result in an increase or

decrease in the force applied to the bearing due to aforementioned thermal effects of the
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hydraulic fluid. In order to mimic the conditions the sensor would experience in the field, a

solution to the load fluctuation problem was needed.

The typical solution to provide a constant pressure in a hydraulic cylinder found in the

industry is to attach an accumulator to the line. A hydraulic accumulator is a pressure storage

device where the hydraulic fluid is held under pressure by a compressed gas. Thus, the

accumulator provides a constant pressure to the cylinder which, in turn, produces a steady force

on the adapter. However, this system would need to be manually adjusted for every change in

pressure, and requires expensive parts along with high pressure gasses.

Due to the complexity of the hydraulic accumulator, additional options were examined.

The ideal system should be capable of increasing or reducing the hydraulic fluid in the cylinder

by small amounts. Additionally, if the pressure could be controlled by a computer in order to run

a detailed testing plan, it would result in a much more accurate experiment. The devised solution

is to use a 1-½ inch bore hydraulic cylinder to pump the small changes in hydraulic fluid to the

system. The hydraulic cylinder is driven by a linear actuator which transforms the rotational

movement of a DC motor to translational movement through a threaded rod. The system is able

to determine the load measured by the load cell, and determine whether the pressure should be

increased or decreased, then by sending a high or low signal to the motor controller the

corresponding amount of hydraulic fluid is pumped into the system to maintain the desired load.

The complete system is pictured in Figure 7 (Left) with annotations of the main components. The

motor driver which is the interface between the motor and the computer signal is shown in

Figure 7 (Right). The complete system is capable of providing a steady, accurate load to within

100 lbf, and can execute a preprogrammed test plan that consists of several loading and
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unloading cycles performed at different loading rates. The latter allowed testing to be conducted

after-hours and during the weekends, independent of continuous human supervision.

Figure 7: Load Controller with Component Annotations (Left), and SyRen 50 Amp Motor Driver
(Right) [13]

2.2 Smart Insert Design

2.2.1 Strain Gauge

The basic premise behind the load sensor is a beam with both ends fixed and a distributed

load applied to the entire length of the beam. Any deflection in the beam is measured by the

strain gauge that is mounted to the side in tension. When the beam is deflected, a voltage change

is measured and can then be related to the load applied to the bearing. The strain gauge used is a
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full bridge, transducer class strain gauge with 350 ohm nominal resistance manufactured by

Micro Measurements. The basic schematic of the full-bridge transducer is seen on the left of

Figure 8, along with the strain equation that is capable of calculating the strain experienced by

measuring the voltage output of the sensor. For additional information on using the equation

refer to Saenz [11].The dimensions of the strain gauge, wire leads and labeling of the resistors on

the sensor is depicted on Figure 9. It can be seen that the full bridge is made up of four individual

resistors that change resistance based on strain experienced on the surface of the material to

which the gauge is mounted. Two of the resistors are the active gauges that measure the strain

experienced in the bending direction of the sensor; these resistors are labeled as R2 and R4. R1

and R3 act as temperature compensation for the material and will cancel out any changes in the

signal due to thermal expansion, through the appropriate wiring of the circuit.

Figure 8: Full-Bride Circuit (Left) and Full-Bridge Transducer (Right) [11]
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Figure 9: Full-Bridge Transducer Solder Pad Identification [11]

2.2.2 Previous Design

The final insert design (see Figure 10) developed by Saenz [11] was able to produce

accurate results in a static test, though the data required an additional correlation due to a

logarithmic increase in the sensor output over time. The additional step to correlate the static

load would require advanced computation on the unit, which would result in increased system

cost, and more energy consumption, thus, shortening the battery life of the unit once the wireless

capabilities were implemented. With a reduced battery life, the usefulness of the sensor is

compromised.
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Figure 10: Load Sensor Insert Prototype Developed by Saenz [11]

The transient increase in the sensor output can be noticed in Figure 11. By monitoring the

output voltage of the sensor when the load was held at 70,000 lbf, the sensor voltage should

remain constant. However, when looking at the data between 5.25 and 7.25 hours, the voltage

appears to have a logarithmic function with the voltage and does not remain constant. Saenz [11]

believed that the logarithmic function was caused by the creep of the elastomer pad, which gives

the appearance that the sensor experiences an increase in load although the load was held

constant throughout the test.

It was also observed that the sensor designed by Saenz was not accurate at loads under

50% of full load. Although the design by Saenz met the requirements which called for the load to

be read accurately (within 3%) at loads ranging from 70 to 100% of full load (25,000-34,400 lbf),

a sensor capable of measuring the full load range, including an unloaded (empty) railcar (17% of

full load), is preferred.
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Figure 11: Load Insert Prototype Two Hour Sustained Load [11]

2.2.3 Resolving the Elastomer Pad Creep Problem

In order to resolve the creep issue, the mechanism for creep must first be understood.

Creep is one of the modes in which a material can respond to an applied external force. It is

described by Vincent [14] as: , a material can respond to

external forces by [feeding] the energy into large changes in shape and flow away from the force

to deform either semi-

Steering Pad, two areas experience the majority of the load. These high stress locations create an

area where the elastomer needs to find a low stress environment for the material to flow. The

Steering Pad is depicted in Figure 12 with the high stress locations marked in red, and the

direction of where the material is believed to flow is illustrated by the arrows.

Load held at 70,000 lb
f
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With the use of the pressure film, the scans provide evidence in support of the hypothesis that the

creep of the elastomer material was the cause of the increase in the sensor output during a

constant load condition.

Figure 13: Pressure Film and Corresponding Scan. (a) 50% of Full Load Pressure Film, (b) 50%
of Full Load Pressure Profile Map, (c) 100% of Full Load Pressure Film, (d) 100% of Full Load

Pressure Profile Map [Courtesy of Sensor Product, Inc.]

In order to improve the sensor performance at loads under 50% and produce a signal that

is not affected by the elastomer pad creep, the insert required a redesign. The initial thought was

to increase the height of the sensor relative to the surface of the steel adapter; i.e., rather than

having the sensor even with the surface of the adapter, a shim would be placed under the load

insert to raise it above the steel adapter surface. In order to determine the appropriate height

above the surface that would yield the best sensor response, different thickness shims were

utilized ranging from 0.305mm to 0.405 mm (0.012 inches to 0.016 inches). The results of the

testing are provided in Section 4.1 Shim Testing.
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circuit. The top view of the flex circuit shows the unmounted locations of the differential line

driver for the strain gauge output as well as the locations for a buffer for each of the temperature

sensors. These components will aid in pre-amplification of the strain gauge signal which will

further decrease any noise in the signal. For further understanding of these components, refer to

Section 3.1 Load Amplification Schematic. Although the flex circuit contains mounting locations

for temperature buffers and line driver, they can be left unmounted to simplify wiring and power

requirements. A complete list of all pinout for the flex circuit is provided in Table 1 along with a

brief description of each of the wire functions. At this point, it should be noted that the flex

circuit design was done by James Bantz an electrical engineering graduate research assistant,

who was assisting with the instrumentation and signal conditioning needs of the research team.

Figure 15: Bottom View of Flex Circuit with Annotations [Courtesy of James Bantz]
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Table 1: Flex Circuit Pinout with additional Notes.

Pin
Number

Wire
Color

Function Note

1
White
Orange

+5 Volts Power for strain gauge and temperature sensors

2 Orange Common Ground

3
White
Green

+7.5 Volts Required for line drivers (Optional)

4 Green -7.5 Volts Required for line drivers (Optional)

5
White
Blue

SG out (+) Positive differential signal for strain gauge

6 Blue SG out (-) Negative differential signal for strain gauge

7
White
Brown

TS Outboard
Positive single ended signal for temperature sensor
with respect to Ground

8 Brown TS Inboard
Positive single ended signal for temperature sensor
with respect to Ground

2.3 Final Insert Design

With the favorable results obtained by the latest modification to the Smart Insert

determined in a later section (4.1 Shim Testing), a redesign of the sensor was appropriate. A

sensor redesign allowed for many improvements to the insert, such as a slight adjustment in

temperature sensor placement, optimization of machining time, and reducing raw materials. The

Smart Insert also needed modifications for the flex circuit to mount inside. The temperature

sensors were a critical issue, with slots needing to be machined to allow the temperature sensor

to be located as close to the adapter surface as possible. The insert also had an unnecessary

amount of material that protruded past the temperature sensor. Although the previous design was

symmetrical, the additional material was unnecessary. The new design reduced the length of the

insert to 4.15 inches from the previous 5 inch length. The reduced material also required less

machining to be conducted to the steel adapter. The dimensions of the lower plate of the insert
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can be seen in Figure 16. Additional dimensions of the Smart Insert as well as CAD drawings

can be found in APPENDIX G.

Figure 16: Final Lower Plate Insert Design with Dimensions

Once the insert is machined the Smart Insert can be assembled. The flex circuit is aligned

with the machined dowel pins in the lower insert and adhered in place. The strain gauge,

mounted on the top portion of the insert, is soldered to the flex circuit and the entire assembly

can then be welded together. In order to weld the top plates to the lower plate great care must be

taken to ensure the heat from welding does not damage the flex circuit embedded in the insert. In

order to prevent heat from traveling to the flex circuit the smart insert was clamped between two

pieces of aluminum in order to act as a heatsink (Figure 17). The completed insert can be seen in

Figure 18.
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Figure 17: Aluminum Heatsink Used for Welding

Figure 18: Final Smart Insert Design Welded Insert with Flex Circuit





29

Figure 20: Measurement Location for Insert Height Above Surface of Adapter (Left), Insert
Thickness Dimension Location on the Insert (Right)

Table 2: Measured Insert Dimensions

Height Above Surface of Adapter
(Thousandths of an Inch)

Actual Dimensions Measured*
(Thousandths of an Inch)

Left Side Right Side Average H I J K L

Adapter A 9 12 10.5 189 193 203 197 186
Adapter B 8 9 8.5 189 189 198 191 187
Adapter C 8 10 9 189 190 201 190 187

Targeted Value 12 12 12 188 188 200 188 188

* For Location of Measurement Refer to Figure 20

Even with extreme care taken during the manufacturing of the sensor to ensure proper

dimensions of the insert, final inspection of the insert revealed slight variations. In some

(see Figure 20 ), the insert of Adapter A was found to have a five

thousandths of an inch difference from the targeted value shown in Table 2. Another location in

the insert that was found to vary from the targeted value was the measured height above the

surface of the adapter. This is the critical dimension that provides the compensation effect for the

creep of the pad material. Each of the inserts in the respective adapters should measure 12

thousandths of an inch above the surface of the adapter, however the average height was

measured to be 9 thousandths of an inch.
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CHAPTER III

SMART INSERT CIRCUITRY AND CALIBRATION

A redesign of the instrumentation circuitry was triggered by the need to test eight Smart

Adapter Inserts simultaneously on a freight railcar for an upcoming field test. The redesign

allowed for several improvements to be carried out over the previous version. One of the main

disadvantages of the previous circuitry is the complexity of the system, needing extensive

knowledge of the hardware to install and setup. Additionally, the previous instrumentation

circuitry is only capable of handling two load sensors per board and the amplifier gain is fixed at

200 V/V. The new instrumentation circuitry offers a larger gain and improved sensitivity to

compensate for that lost when the sensor insert was welded together. Furthermore, the

instrumentation circuitry redesign allows for the signals to be transmitted through 80 feet cables

from the sensor insert to the data acquisition device without a considerable voltage drop that

degrades the signal.

3.1 Load Amplification Schematic

The initial schematic as well as component selection for the load amplification circuit

was completed by James Bantz III (a fellow electrical engineering graduate research assistant).

After the initial schematic was drafted, it was transferred into DipTrace, a printed circuit board

(PCB) design software, in order to create a clear schematic that could then be transformed into a

PCB to be manufactured. Once the initial schematic was generated, a few changes were made.

First, the gain of the load sensor was designed to be selectable by a jumper that could be



31

switched from 400 V/V to 600 V/V. The second modification was to place a capacitor capable of

setting the cutoff frequency for the filter, or by moving a jumper, a clock frequency could be

applied in order to have an adjustable cutoff frequency. The final step of designing the load

amplification board was to replicate the circuit four times in order to make a single board capable

of handling four Smart Sensor Insert prototypes. The final schematic of a single load sensor

amplification channel is provided in Figure 21 and the complete circuitry of the board is given in

Appendix A.
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Figure 21: Single Load Sensor Amplification Circuit
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3.1.1 Amplifier

In order to generate a useable signal from the strain gauge of the load sensor, the signal

needed to be amplified. The amplifier of choice was the INA 129 instrumentation amplifier from

Texas Instruments. The INA 129 is a low power, high accuracy amplifier with an adjustable gain

set by a single resistor. The change from the INA 131 to the INA 129 was prompted by the need

to increase the gain from the previous 200 V/V to an adjustable gain of up to 600 V/V.

Recommendations for the optimal gain setting will be discussed in CHAPTER V. The location

of the INA 129 can be seen in Figure 21, the integrated circuit (IC) labeled U1.

3.1.2 Filter

After the signal is amplified, the next step in the signal conditioning chain is the filter.

For filtering, the MAX 294 8th order, low pass filter designed by Maxim Integrated Products Inc.,

is used. Figure 21 shows the filter IC labeled as U2. The filter is responsible for removing any 60

Hz interference in the signal that is produced by the AC power in the laboratory testing

environment. The cutoff frequency of the filter can be set by one of two ways; either by placing a

capacitor to the corresponding pin of a designated value determined by the datasheet, or by

applying a clock frequency to the clock pin of the amplifier. Additional information pertinent to

the filter can be found in APPENDIX D which contains the Max 294 datasheet. The benefit of

using a capacitor to set the cutoff frequency is the simplicity of design requiring only one

additional component; although, this permanently locks the cutoff frequency. By using a clock

frequency produced by a microcontroller, it is possible to adjust the cutoff frequency at any time

by changing the programming embedded in the microcontroller. The current design is flexible in

that it allows for further adjustments of the cutoff frequency to be investigated by applying the

cutoff frequency to an additional pin on the board. However, during normal operation, it is best



34

to have the 60 Hz cutoff frequency set by a capacitor. It should be noted though that the filter

may be unnecessary in the final sensor design which will be powered by a battery; hence, not be

subject to 60 Hz noise found in the laboratory. It is highly recommended that the choice of

electronics utilized here be re-examined once the final self-contained wireless insert is produced.

3.1.3 Line Driver

With the smart insert located on a railcar, the signal must be sent to a data acquisition unit

located on the instrumentation car, which is the next railcar ahead of the test car. The signal from

the strain-gauge-based load sensor was not designed to provide a signal further than 20 feet.

However, a railcar is over 60 feet long, so the signal conditioning box must ensure that a solid

signal can be sent a distance of 80 feet to the data acquisition system in the instrumentation car.

The final component that the signal passes through before it is sent down the 80 foot cable is the

DRV 134 line driver produced by Texas Instruments. The function of the line driver is to

improve the strength of the signal through the long cable length to ensure that the correct voltage

is recorded. Due to the fact that the line driver requires a high current signal into the integrated

circuit (IC), an operational amplifier (OPA 177 from Texas Instruments) was used to buffer the

voltage in order to provide the required current. The operational amplifier and line driver are

represented, respectively, as U3 and U4 in Figure 21.

3.1.4 Strain Gauge Instrumentation Circuitry

Integrating all the components, described in the previous sections, into a dual sided

printed circuit board (PCB) was the final step taken to accurately test the strain gauge in the

sensor insert prototype with the integrated flex circuit. The board is composed of a signal input

connector from which the signals are split and sent to the corresponding signal chain providing

the ability for four load sensors to be measured simultaneously from a single board. Finally, the
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signals are sent out through a connector on the opposite side of the board to the data acquisition

unit. The board contains a large connector used to provide all the necessary power for the circuit.

The complete board is pictured in Figure 22 along with annotations of each of the main

components, as well as, an individual signal chain highlighted by arrows.

Figure 22: Load Amplification Board with Annotations

3.2 Analog Temperature Sensor Circuitry

The circuitry for the TC 1047 analog temperature sensors was less complex than the

previously discussed circuitry for the load sensor. The temperature sensors output an analog

voltage that directly correlates to the measured temperature. However, by sending the signal over

80 feet of cable, the voltage drop would manifest as a decrease in the insert temperature, as well

as, have additional background noise picked up in the line. In order to negate the aforementioned

effects, additional circuitry must be placed between the sensors and the data acquisition unit.
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3.2.1 Line Driver

Similar to the line drivers used in the strain gauge circuit, the same integrated circuit (IC)

was used to boost the signal to account for the voltage drop that occurs over the 80 foot cable.

The line driver also transforms the single ended signal into a differential signal that is less

susceptible to background noise. Similar to the load amplification board, the sensor output must

first pass through an operational amplifier to buffer the voltage before it can be sent to the line

driver.

3.2.2 Temperature Sensor Signal Conditioning Board

The temperature sensor circuitry was built using a similar design to that utilized for the

strain gauge amplification board. The temperature sensor signal conditioning board is capable of

monitoring four Smart Inserts, each of which house two temperature sensors, for a total of eight

temperature sensors. Each channel requires two ICs to provide the proper signal conditioning

seen in Figure 23, which also depicts the final board along with annotations of the main

components.



37

Figure 23: Temperature Sensors Signal Conditioning Board with Annotations

3.3 Calibration Methodology

Without a proper calibration, a sensor would output an inaccurate signal. In order to

transform the signal sent from the sensors into a comprehensible unit of measurement, a

calibration must be completed. Typically, a calibration for a load sensor is accomplished by

monitoring the sensor output while it is placed under several known load conditions. The data is

then recorded and a correlation is created that relates the signal output to the known loads. Since

the current system is a complicated assembly that involves multiple variables, the calibration

process is complex and requires several steps. The procedure used to properly correlate the

known load to the sensor output is explained in the following sections.
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3.3.1 Pad Settling

Before any calibration can be conducted, steering pad must be allowed

to properly settle into the steel adapter. In order to allow for the pad to settle, the assembly is

installed on the test rig and is placed in the fully loaded position (34,400 lbf or 153 kN) for 24

hours. The settling allows the elastomer material of the pad to deform into the final shape during

usage, providing a steady signal output. Alternatively, the settling process can be completed in a

shorter period by operating the test rig dynamically at a speed of 50 mph for a minimum period

of four hours. The elevated temperatures seen in high speed operation allow the elastomer pad to

settle at a faster pace, which allows for more frequent laboratory testing to be performed.

3.3.2 Static versus Dynamic Testing

Dynamic testing is required when the desired use of the sensor is during operation.

Dynamic testing can cause instantaneous readings of the sensor to fluctuate over 1% of full load;

however, a one minute moving average of the sensor value can be taken to get a signal that is

typically within 0.5% of full load. Static testing, on the other hand, can produce a much more

constant reading (variation of 0.1% of full load) because the inherent vibrations and small

changes in load are not seen in a static condition. Testing in a static condition is consistent with

the typical loading or filling process experienced by a freight railcar. For example, a train pulls

up to a loading station, halts movement while the first railcar is loaded, and once loaded, the

train slowly moves forward to allow the next railcar to be loaded. The aforementioned process is

repeated until all the railcars are full, then, the train proceeds to the desired destination for

unloading. Loading is never done while the train is in motion and, thus, the testing and

calibration should mimic as closely as possible the intended application of the sensor.
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3.3.3 Calibration Data Points

Depending on the desired application of the sensor, a calibration plan can be devised to

encompass the intended range of the signal. A second order calibration is used to correlate the

sensors output voltage to the known loads. In order to properly calibrate the sensor, a minimum

of three unique data points must be acquired. For the sensor to produce the highest possible

accuracy at full load, a three step loading calibration of 95%, 100%, and 105% load steps should

be used. The three previous loads will give the best accuracy for the sensor at full load, but that

would come at the expense of reduced accuracy for loads under 70% of full load. For the purpose

of developing the most versatile sensor, a full range calibration that is skewed to the higher loads

was used for the testing conducted for this thesis. The loads used for the calibration of the sensor

were 17%, 80%, and 100% providing a full range of the loads experienced by the sensor with

slightly better accuracy for the higher loads that fall between 70 and 100% of full load.
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4.1.1 Shim A

The first set of testing was conducted using a shim with a thickness of sixteen

thousandths of an inch (0.405 mm) which raised the entire insert above the adapter surface. A

picture of the shim can be seen in Figure 25 and 26 showing the entire insert slightly raised

above the adapter surface. The sensor was held in an unloaded state of 17% load (5,850 lbf or 26

kN) for 30 minutes and then increased to 100% load (34,400 lbf or 153 kN) and held for four

hours. The test was conducted to monitor the step response of the sensor and to compare the

output to the previous sensor design. In the following graphs, the blue and red lines represent the

correlated strain gauge voltage and the load cell output respectively. Looking at the sensor s

output, Figure 27, an initial overshoot is apparent immediately after the load was increased to

100% load. Following the initial overshoot the predicted load returned to an accurate steady state

value.

Figure 25: Shim A, 0.016 Inch Thick Aluminum Sheet
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Figure 26: Shim A Installed with Adapter and Insert

Figure 27: Shim A Response Due to 100% Load Input
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Figure 28: Shim A Performance Expanded View

Figure 28 shows the overshoot portion of the same signal in greater detail. The figure

clearly shows that the Smart Insert initially experiences a 1.5% overshoot in load and then

proceeds to decrease to a steady state value. It can also be observed that approximately 30

minutes after the load reached 100%, the Smart Insert was within the targeted 1% error value.

The test showed that material creep in the elastomer pad, which introduced significant error with

the previous design, was mitigated with the addition of the shim.
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4.1.2 Shim B

With the excellent results obtained by Shim A additional testing was performed with a

slightly thinner shim with a thickness of twelve thousandths of an inch (0.305 mm). A decrease

in thickness was used in order to attempt to produce similar results as Shim A, but with less

overshoot and a decrease in the 1% settling time. The aluminum shim can be seen in Figure 29.

Figure 29: Shim B, 0.012 Inch Aluminum Sheet
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Figure 30: Shim B Performance

The correlated output obtained with Shim B (Figure 30) is similar to Shim A. However,

the initial overshoot was limited to a 1% error rather than the 1.5% seen previously with Shim A.

Figure 31 provides a closer look at the output where the entire portion of the test conducted at

100% load was held within the targeted 1% error.
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Figure 31: Shim B Performance Expanded View
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Figure 32: Shim B Step Response

With favorable results obtained with testing going from the unloaded to loaded step test,

additional testing was done to determine the sensors response to intermediate load conditions.

The multiple step test was used to determine the static values of intermediate loads used in a

correlation. The first step from a steady unloaded car condition to 50% of full load was held for

15 minutes and then increased by 10% load every 15 minutes. The first results (Figure 32) show

a large overshoot when the load is increased at loads over 70%. The overshoot at these loads are

observed to be 4% or greater. The sensor also appears to experience a transition in response. For

the 50% load the sensor output increases slightly to the steady value, while at 70% the sensor s

output is relatively flat and ideal. However, once the load applied is over 70% of full load the
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The multiple step test for the modified design is shown in Figure 35. The data shows that

for loads of 70% of full load and over, an initial overshoot is present, however the overshoot is

short lived and a steady state value can be seen after 30 seconds. The output of the Smart Insert

provided a signal that correlated much more accurately, with all the steps held to within ±1%

error. The last portion of the test contained the step from 17% to 100% load. The sensor

produced a slightly different output then that of the shim A and B. Rather than having an

overshoot and then decreasing down to a steady value, the sensor slightly under predicted the

load, but within 5 minutes the sensor read an accurate steady state value.

4.2 Laboratory Testing

The typical test used to calibrate the final Smart Insert prototype consisted of a settling

portion, dynamic testing, followed by static testing. The test covered the entire range of loads

from 17% to 100% load with a focus on the loads over 70%. All the ramping rates were based on

a 7 minute ramp time from 17% to 100% or 4,080 lbf/min (18.15 kN/min). The unloading time

was based on a 3 minute ramp from 100% to 17% or -9,520 lbf/min (-42.35 kN/min). The

loading and unloading rate was provided by Amsted Rail® as typical rates in the rail industry for

the loading and unloading of grain. The settling period required a minimum of 18 hours at full

load while the tester was in operation at 25 mph. Once the settling was completed the dynamic

portion of the testing was conducted. The dynamic portion consisted of 3 loaded steps of 80%,

95%, and 100% held for 18 hours each. In-between each of the loaded steps, a 17% step was

held for 6 hours. Five minutes before any change in load, the test rig was halted. After the load

was changed, the test rig remained in a static condition for an additional five minutes. This was

an attempt to simulate a train coming into a loading station. The dynamic portion of the test was

used to calibrate the sensor. The static portion consisted of multiple loading and unloading cycles
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with dwells between 1 and 12 hours. Loading steps of 80% and 100% were used with a 17% load

applied between steps. The static portion simulates the sensors response while the train is

stationary, as well as, to determine neously

during a loading condition.

4.2.1 Adapter A

The results of the dynamic test for Adapter A show that the sensor produced a steady

signal for the loaded steps (Figure 36). The only portion of the test that contained notable errors

was the initial 100% step with an initial error of 3%, although the error dropped to a steady value

after 3 hours of operation.

Figure 36: Adapter A Dynamic Testing at 25 mph

After approximately 77 hours of dynamic testing the static portion of testing was

Figure 37). Upon inspection, the results shown for

the static test provide evidence of a large overshoot for the 80% and 100% steps of
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approximately 2.5% error. The 17% load step produced an error of almost 10%. Although the

error at the unloaded step is not critical the error is significant if the sensor is purported to be

accurate over the full range.

Figure 37: Adapter A Complete Test

Figure 37 shows four loading steps that are labeled from 1 to 4. These four loading steps

were further analyzed to determine the sensors response during the loading portion of the test.

The ramps were first analyzed with a 3 to 5 minute window after the ramping was complete to

determine the error at different instances in time. Upon inspection Figure 38 shows the 80% step

of Ramp 1 with the errors labeled at various points in time after the ramp was completed. The

error immediately after the loading was completed was -1%. One minute after loading the error

was at -0.3% and after two minutes after loading the error was found to be 0.3%. Examining

Ramp 2 for the 100% loading ramp an initial error of -1% was found, but within one minute the

error was down to -0.2%. Two minutes after reaching full load, the error was at 0.1% and started
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Figure 40: Adapter B Dynamic Testing at 35 mph

Figure 41: Adapter B Complete Test
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Figure 44: Adapter C Dynamic Testing at 25 mph

Figure 45: Adapter C Complete Test
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Figure 47: Ramp 3 (80% Load 6 minute view) and Ramp 4 (100% Load 12 Minute View) for
Adapter C

4.2.4 Summary

In order to better compare the data collected from the three individual Smart Adapters

Table 3 was compiled with all the errors. The top portion of the table contains the average errors

for the dynamic steps for each of the adapters. The lower portion of the table contains the error

determined for varying time intervals after the loading was completed. The time intervals used

are 1, 2, and 5 minutes. All the errors are highlighted by one of three colors. The green

highlighted cell means the value was within the targeted 1% error, the yellow highlighted cell

was within an error of 1% to 1.5%, and the red highlighted cell was within 1.5% to 2% error. All

of the adapters were within the targeted value of 1% for the dynamic testing for all of the loaded

steps. Adapter A also produced errors of less than 1% for the ramping portion. For Adapters B

and C the errors for the 80% steps were also within the target of 1% however, the 100% step

provided errors ranging from 1% to 2%.
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Table 3: Adapter Testing Error Summary

4.2.5 Insert Response Due to Variable Speeds

The majority of the testing previously conducted occurred at a constant load and speed.

The sensor would also have to operate in the field with varied speed of operation while the load

was held constant. In order to test how the speed affected the sensor performance, the sensor was

placed under a constant load condition with the speed of operation varied. The resulting test can

be observed in Figure 48. The figure illustrates the constant load held at 100% while the

correlated strain gauge is shown to vary between 4.5% of full load shown by the horizontal green

lines. The figure is sectioned and labeled for each portion of the test that experienced a different

operating speed. The speed was varied randomly from 5 mph to 50 mph with each step lasting

approximately 30 minutes.

Average
Error ( % )

Average
Error ( % )

Average
Error ( % )

80 0.07 0.14 -0.26
95 -0.50 -0.13 0.23

100 0.55 -0.02 -0.09

1 Min Avg 2 Min Avg 5 Min Avg 1 Min Avg 2 Min Avg 5 Min Avg 1 MinAvg 2 Min Avg 5 Min Avg

80 -0.50 -0.26 0.21 0.04 0.23 0.58 -0.54 -0.37 0.00
80 -0.19 0.06 0.53 0.21 0.42 0.70 -0.54 -0.27 0.20
100 -0.53 -0.31 0.08 1.48 1.56 1.78 -1.56 -1.33 -0.93
100 -0.56 -0.37 0.04 1.19 1.43 1.74 -1.94 -1.68 -1.21

*Static Ramping Error:Average error determined after specified time once target load was reached.
0-1% Error 1-1.5% Error 1.5-2% Error

%Error* %Error* %Error*Ramping
Load

Adapter A Adapter B Adapter CDynamic

Step (%Full

Load)
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Figure 48: Adapter C Variable Speed Response

As the speed is varied the sensor experiences a change in load, however there does not

appear to be a clear indication as to why the sensor output would remain constant at some speeds

and decrease or increase at another. One of the previously unexplored variables of the sensor was

the temperature of the bearing pad assembly. With two temperature sensors embedded in the

Smart Insert the temperature effect could be explored. The correlated strain gauge output was

plotted along with the temperature recorded from the Smart Insert. The temperature axis on the

right side of Figure 49 was inverted to illustrate how the two signals track. Looking at the figure

it is apparent that the bearing temperature has some effect on the sensors output.
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Figure 49: Adapter C Response with Temperature Plot

In order to integrate the bearing temperature into the correlation of the Smart Insert a

multivariable linear regression was created. The multivariable linear regression took the strain

gauge voltage, as well as the bearing temperature to create a correlation that was capable of

predicting the load applied to the bearing. The correlation was then applied to the same data set

and shown in Figure 50. With the use of the multivariable linear regression the entire signal was

able to be almost completely contained within 0.25% accuracy as shown by the horizontal black

lines in the figure.
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Figure 50: Adapter C Multivariable Linear Regression
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CHAPTER V

CONCLUSION AND FUTURE WORK

Eight Smart Inserts were manufactured and tested to provide a steady signal in dynamic

testing at 25 to 35 mph in laboratory settings. The accuracy of the sensors was within the

targeted range of 1% with respect to full scale load. The electronics needed to continuously

monitor eight of the load sensors simultaneously was also built and tested to ensure a successful

field test, which will validate the accuracy and correlations obtained in the laboratory.

The current sensor design is a versatile unit capable of measuring static and dynamic

loads applied to a freight railcar bearing. Depending on customer specifications the sensor can be

calibrated to measure most accurately loads from 90% to 110% of full load, or slightly less

accurately a wider envelope of loads from 10% to 100% of full load. The sensor can be

correlated to a dynamic signal, as well as a static signal, or correlated to provide the most

accurate data for a loading situation to provide immediate feedback to loading personnel to

ensure the proper load was placed in the rail car.

With the use of the flex circuit the Smart Insert was able to provide an accurate reading

of the bearing cup temperature and capable of detecting slight changes in temperature at the

inboard and outboard location of the bearing. This information is useful for determining the

location of a defect in the bearing. With the flex circuit capable of handling the majority of the

signal conditioning onboard via the mounting locations for integrated circuity, a higher accuracy

signal can be obtained, along with very minimal additional requirements needed to create a
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completely self-contained sensing unit. The flex circuit also provided the essential wiring to

ensure survivability and reliability to the insert during prolonged operation. The final gain used

for the load sensor amplification circuitry was set at 400 V/V. The gain provided a voltage swing

of four volts from the unloaded to loaded state.

Further testing should be conducted examining the sensor s response to impact loading in

order to determine if the sensor would be a viable solution for detecting wheel flats or rail

defects. The sensor should also be tested under lateral loading conditions in order to monitor the

sensitivity to this type of loading. These types of conditions would surely be experience

in the field and should be reproduced in the laboratory environment to determine if any

improvements in the design can be made.

Finally, detailed work should be conducted further analyzing the effects of bearing

temperature on the load sensor output. Studies should be conducted determining the best method

of applying a multivariable regression with the strain gauge output and the temperature of the

bearing to determine the most accurate load. Improved work in this subject could lead to higher

accuracies from the sensor with a larger range of loads for all conditions encountered in the field.
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APPENDIX A

LOAD SENSOR BOARD SCHEMATIC
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APPENDIX B
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APPENDIX B

TEMPERATURE SENSOR BOARD SCHEMATIC
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APPENDIX C

INA 129 DATASHEET
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APPENDIX D
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APPENDIX D

MAX 294 DATASHEET
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APPENDIX E

OPA 177 DATASHEET
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APPENDIX F
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APPENDIX F

DRV 134 DATASHEET



99



100



101



102



103



104



105



106



107



108



109



110

APPENDIX G
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APPENDIX G

INSERT CAD DRAWINGS
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*All dimensions labeled are inches



113

*All dimensions labeled are inches
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APPENDIX H
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APPENDIX I
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APPENDIX I

ADAPTER CORRELATIONS

Table 4: Second Order Adapter Correlation

Sensor Correlation

X1 X2 X3
Gain
(V/V)

Adapter A 0.39 7.19 -15.58 400
Adapter B 0.86 -0.92 -5.83 400
Adapter C 0.03 10.00 -28.70 400
Load(Kips)=X1 V2+X2 V+X3

V = voltage output of sensor
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