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Abstract 
Baja SAE is an intercollegiate design competition hosted by SAE International, previously 
known as the Society of Automotive Engineers.  At each event, more than 100 teams 
compete to design, build, and race light off-road vehicles. The British Columbia Institute 
of Technology is represented by its SAE-affiliated team, BCIT Racing, which has 
competed in four SAE events since 2015, and is in the early stages of designing and 
building a third-generation race vehicle. 

This paper describes the design, function and use of a wireless torque and rotation data 
logger device, which attaches to a vehicle’s drive axle for the purpose of observing 
drivetrain loads. The project was proposed by BCIT faculty member Adam Marciniak, in 
his role as BCIT Racing’s faculty supervisor.  Upon completion, the data logger prototype 
will be used by BCIT Racing to determine peak force loads in the gearbox and drivetrain 
of the team’s Baja SAE race vehicle. This data will be used during the design of the team’s 
third-generation vehicle.  

The data logger project can be divided into three functional components: the housing, 
electronics, and software. The housing provides protection for sensitive electronics and 
sensors, and the software is used to gather sensor data and transmit it to a mobile phone 
application.  

At the time of this report, all sensors have been validated, and data is being successfully 
captured and stored. Recommendations for future work will be included in the report 
conclusions.  

  



iv 
 

Acknowledgments 
We would like to acknowledge the following people for their contributions to this project: 

 

Adam Marciniak, for his enthusiastic support as a project sponsor, and his willingness to 
go above and beyond in assisting the development of every aspect of the project. Adam put 
countless hours of work into his role, assisting with everything from mechanical concepts 
to charging circuits and mobile applications.  

Christopher Townsend, for his seemingly endless energy, spent in his support of BCIT 
students’ work. Chris not only provided training to countless project groups, but also 
sacrificed his weekends and holidays to provide countless extra hours of machine shop 
time.    

Sanesh Iyer, for his contributions as a BCIT Racing team captain, and for his continued 
support of the team after graduation. Having designed the team’s second-generation 
gearbox, Sanesh helped provide valuable information regarding its design process, and 
what assumptions were made at that time.  

Jason Brett, for sharing his parts, equipment, and expertise in all manner of electronic 
wizardry.  

Johan Fourie, for his no-nonsense management of the capstone process. 

Stephen McMillan, for his help in optimising the design for both additive manufacturing 
and CNC machining.   

Taco Niet, David Romalo, and Dave Stropky, for the time and effort they put into 
creating and teaching world-class courses on the theory and application of sensors, 
microcontrollers, and programming. This success of this project directly depended on the 
concepts and knowledge gained in MECH 8135, ELEX 7345, and MECH 7171.  

  



v 
 

 

 

 

 

 

 

Dedication 
 

 

To our friends and families, 

Long time, no see! 

  

  



vi 
 

Contents 
Abstract ............................................................................................................................................................ iii 

Acknowledgments .............................................................................................................................................iv 

Dedication .......................................................................................................................................................... v 

Contents .............................................................................................................................................................vi 

1. Introduction .................................................................................................................................................... 1 

1.1. Background ............................................................................................................................................. 1 

1.2. Requirements .......................................................................................................................................... 2 

2. Problem Statement ......................................................................................................................................... 3 

2.1. BCIT Racing’s Gearboxes: Designing Around Assumptions ................................................................. 3 

2.2. Simulation and Testing ........................................................................................................................... 7 

3. Theoretical Background and Prior Art ........................................................................................................... 8 

3.1. Torque Sensors in Racing Applications .................................................................................................. 8 

3.2. Comparison of Rotational Torque Measurement Systems ...................................................................... 9 

3.3. Viability of Torsional Strain Gauge for a Baja SAE Vehicle ............................................................... 10 

3.4. Measurement of Angular Velocity ........................................................................................................ 12 

Inductive Speed Sensors .......................................................................................................................... 12 

MEMS Accelerometers ........................................................................................................................... 13 

MEMS Gyroscopes .................................................................................................................................. 13 

4. Design, Testing, and Manufacturing ............................................................................................................ 14 

4.1. Concept Generation and Iteration ......................................................................................................... 14 

Concept 1: Discrete Speed Sensor ........................................................................................................... 14 

Concept 2: Refined Clamshell with Integrated MEMS Gyroscope ......................................................... 15 

Concept 3: Reduction of Complexity and Weight ................................................................................... 16 

Final Design: Rebuilt from the Ground Up ............................................................................................. 16 

4.2. Rapid Prototyping and Iteration of Housing Designs ....................................................................... 17 

4.3. Sensor and Electronics Validation ........................................................................................................ 18 

Gyroscope/Accelerometer Validation ...................................................................................................... 18 

Torsion Test Validation ........................................................................................................................... 19 



vii 
 

Mechanical Calibration and Test Procedure ............................................................................................ 22 

Force/Voltage Relation for Torsion ......................................................................................................... 22 

Positive and Negative Torsion Measurement .......................................................................................... 25 

4.4. Electrical System Design ...................................................................................................................... 26 

Wiring Diagrams and Schematics............................................................................................................ 26 

Battery System ......................................................................................................................................... 26 

PCB Design and Manufacture ................................................................................................................. 27 

PCB Manufacturing Procedure ................................................................................................................ 28 

5. Discussion of Results ................................................................................................................................... 29 

5.1. Torsion Test Results.............................................................................................................................. 29 

5.2. Eliminating Zero Offset ........................................................................................................................ 30 

5.3. Battery System Results ......................................................................................................................... 31 

5.4. PCB Results ...................................................................................................................................... 31 

5.5. Android Mobile Application ................................................................................................................. 32 

6. Conclusion .................................................................................................................................................... 33 

6.1. Summary and Assessment of Success ................................................................................................... 33 

6.2. Lessons Learned .................................................................................................................................... 33 

6.3. Future Work .......................................................................................................................................... 33 

6.4. Design Hurdles ...................................................................................................................................... 34 

Faulty Breadboard ................................................................................................................................... 34 

PCB Manufacturing ................................................................................................................................. 35 

Microcontroller Selection ............................................................................................................................ 35 

Appendix A: Source Code ................................................................................................................................ 36 

Appendix A.1. Gyroscope Test Script .............................................................................................................. 36 

Appendix A.2. Torsion Test Script ................................................................................................................... 38 

Appendix A.3. Multiple Data Point String Bluetooth Test ............................................................................... 40 

Appendix B. Selections from ADS 1115 Datasheet ......................................................................................... 43 

Appendix B.1. Overview ............................................................................................................................. 43 

Appendix B.2. Absolute Maximum Ratings ................................................................................................ 44 



viii 
 

Appendix B.3. Electrical Characteristics ..................................................................................................... 45 

Appendix B.4. Programming ....................................................................................................................... 47 

Appendix B.5. Connecting Multiple I2C Devices ........................................................................................ 49 

Appendix B.6. Description of Differential Comparator Function ................................................................ 50 

Appendix C. Dynamometer Plots ..................................................................................................................... 51 

Appendix D. ICM-20601 Data Sheets .............................................................................................................. 54 

Appendix D.1. Guide to Interfacing with ICM-20601 Breakout Board ....................................................... 54 

Appendix D.2. Gyroscope Configuration .................................................................................................... 55 

Appendix D.3. Low-Power Mode Configuration ......................................................................................... 56 

Appendix D.4. Register Map ....................................................................................................................... 57 

Appendix E. BCIT Racing Request for Proposal ............................................................................................. 59 

Appendix F. Strain Gauge Application Guide .................................................................................................. 61 

Appendix G. Wiring Diagrams ......................................................................................................................... 65 

Appendix G.1. Torsion Test Rig .................................................................................................................. 65 

Appendix G.3. Battery Charging Circuit ..................................................................................................... 67 

Appendix H. Torque Transducer Notes ............................................................................................................ 68 

Appendix I. 16 Bit ADC Resolution MATLAB Code ..................................................................................... 69 

References ........................................................................................................................................................ 71 

 

 

  



ix 
 

Table of Figures 
 

Figure 1: Proposed Location of Torque/Speed Data Logger Module ................................................................. 1 

Figure 2: The Rear Suspension of BCIT Racing's V2 Vehicle, 2019 ................................................................. 2 
Figure 3: RIT Engine Verification [1] ................................................................................................................ 3 
Figure 4: Hill Climb Free Body Diagram [1] ..................................................................................................... 4 

Figure 5: Moments Before Gearbox Failure Due to Impact in Oregon, 2015 .................................................... 4 
Figure 6: Former Team Captain Adam Marciniak Repairs the V1 Gearbox in Oregon, 2015 ........................... 5 

Figure 7: Field Repair of Failed Weld on V1 Axle in Rochester, 2016 ............................................................. 5 
Figure 8: Full Failure of V1 Axle Shaft in Rochester, 2016 ............................................................................... 6 

Figure 9: Kevin Radford Posing with His Victim, 2018 .................................................................................... 6 
Figure 10: V1 and V2 Gearbox FEA Results ..................................................................................................... 7 
Figure 11: Destructive Testing of BCIT Racing Baja Vehicle V2, 2019 ........................................................... 7 

Figure 12: Magnetoelastic Torque Sensor Diagram ........................................................................................... 8 
Figure 13: A Cylinder in Torsion, with Detail of Stress Element [6] ............................................................... 10 

Figure 14: Fatigue Life of Strain Gauges ......................................................................................................... 11 
Figure 15: Rocket Motor Test, MECH 8135 Lab (BCIT, 2018) [8] ................................................................. 11 
Figure 16: Typical Automotive Inductive Speed Sensor [9] ............................................................................ 12 

Figure 17: MEMS Gyroscope [10] ................................................................................................................... 13 
Figure 18: Initial Concept (Rev. 1) with Discrete Speed Sensor ...................................................................... 14 

Figure 19: Housing Rev.2: Details Added for Mounting Electronics and Attaching to Axle .......................... 15 
Figure 20: Details of Axle Clamp (Left) and Swappable Access Panel (Right) ............................................... 15 
Figure 21: Housing Rev.3: Reduced Size, Simplified Seals and Access Port .................................................. 16 

Figure 22: Housing Rev. 4: Final Design with Further Optimization of Size and Complexity ........................ 16 
Figure 23: Housing Design Iterations with Test PCB and Clamps .................................................................. 17 

Figure 24: Rapid Prototyping: 3D Printing to Check Revised Housing ........................................................... 17 
Figure 25: Gyroscope and Bluetooth Validation Test ...................................................................................... 18 

Figure 26: Torsion Test Rig ............................................................................................................................. 19 
Figure 27: Diagram of a Typical Torsion Rosette with Half-Bridge Gauges ................................................... 19 
Figure 28: Arduino IDE Serial Plot of Torsion Data ........................................................................................ 20 

Figure 29 Torsion Tester Wiring Schematic .................................................................................................... 21 
Figure 30: Gain Error ....................................................................................................................................... 22 

Figure 31: Voltage Divider Circuit ................................................................................................................... 25 
Figure 32: Full System Wiring Schematic ....................................................................................................... 26 
Figure 33 Battery System Wiring Diagram ...................................................................................................... 27 

Figure 34 Top and Bottom PCB Layout ........................................................................................................... 27 
Figure 35: PCB in Etching Tank ...................................................................................................................... 28 

Figure 36: Toner Removal in Acetone Bath ..................................................................................................... 28 
Figure 37: Torsion Calibration Test in Progress............................................................................................... 29 
Figure 38: Strain Gauge Data Label ................................................................................................................. 29 

Figure 39: Non-Zeroed Torsion Reading ......................................................................................................... 30 
Figure 40: Torsion Reading 25lb Clockwise .................................................................................................... 30 

Figure 41 Battery Charging PCB Layout ......................................................................................................... 31 
Figure 42: Custom PCBs .................................................................................................................................. 31 

Figure 43: Gyroscope Data Displayed on Grapher App ................................................................................... 32 
Figure 44: Faulty Breadboard ........................................................................................................................... 34 
Figure 45: ESP 32 Microcontroller .................................................................................................................. 35 

Figure 46: Purdue Dynamometer Reading, 2012 [11] ...................................................................................... 51 
Figure 47: University of Arkansas Dynamometer Readings, 2012 [12]........................................................... 52 

Figure 48: RIT Dynamometer Results [1] ........................................................................................................ 53 



1 
 

1. Introduction 

1.1. Background 

BCIT Racing is in the process of gathering force load test data to be used in the design of 
its third-generation Baja SAE race vehicle. While the second-generation (V2) vehicle was 
significantly lighter than its predecessor, significant work remains in identifying areas of 
potential weight savings.  

Determining peak torque and power loads at the drive axles permits the team to optimize 
and lighten several sub-systems, including: 

• Chassis structure 
• Drivetrain mounts 
• Brakes 
• Axles 
• Gearbox 

 
Figure 1: Proposed Location of Torque/Speed Data Logger Module 

 

To save weight while maintaining performance and reliability standards, the vehicle’s 
designers should have an understanding of the peak loads experienced during normal use. 
These peak loads generally occur when the vehicle is being driven in race-like conditions, 
and so a need has been identified for the development of a robust and compact torque and 
speed data logger, that will not interfere will vehicle operation. For convenience, this 
device should be capable of wirelessly transmitting data for storage and analysis.  

0 0 
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1.2. Requirements 

This report will document the design and manufacture of a wireless torque and speed data 
logger for a Baja SAE vehicle. The requirements for this project are outlined in the 
Request for Proposal in Appendix E.  

The RFP lays out the design team’s role and responsibilities: 

The Data Logger design team will be responsible for conducting relevant 
research and planning, generating/presenting concepts, identifying required 
components, and creating a functional prototype. 

Additionally, the following design parameters are set out: 

• Must measure axle torque and rotation speed 
• Must be removable with minimal effort, i.e., under 10 minutes 
• Components must be contained in a watertight housing 
• Must be calibrated to make accurate measurements upon delivery 
• Must permit normal vehicle operation when installed 
• Must transmit and store data for later analysis 

 

 
Figure 2: The Rear Suspension of BCIT Racing's V2 Vehicle, 2019 
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2. Problem Statement 
As of 2019, BCIT Racing has designed and built two gearboxes for its vehicles. Because 
the team’s designers lacked empirical test data, peak loads were estimated, based on engine 
dynamometer graphs like RIT’s results shown in Figure 3, along with rough calculations 
based on static loads. To allow the team to improve its designs, real-world data must be 
gathered. This project will specifically focus on designing a tool which will enable BCIT 
Racing members to gather torque data directly at the drive axles. 

 

2.1. BCIT Racing’s Gearboxes: Designing Around Assumptions  

When loads are not precisely known, safety factors must be introduced, at a severe weight 
penalty. The V1 gearbox, for example, weighed 60 pounds without its shifter linkage. In 
comparison, a commonly used off-the-shelf gearbox, the Dana/Schafer H12 FNR weighs 
only 34 pounds, and top teams have raced with gearboxes weighing approximately 10 
pounds. [1]  

 
Figure 3: RIT Engine Verification [1] 

An example of the gearbox design process being performed without direct empirical data 
can be seen in Sanesh Iyer’s report, Power Transmission Design: BCIT Baja SAE 2015/17 
[1].  Iyer, a former BCIT Racing team captain, based the worst-case V2 gearbox torque 
capacity on a Baja SAE hill-climb event. This resulted in a calculated maximum torque of 
approximately 490 ft-lbs. According to the design report SAE Baja Drivetrain [2], by 
Marciniak et al., The V1 gearbox design team estimated the maximum torque as a multiple 
of the measured engine torque, after multiplication through the gearbox. This resulted in a 
calculated design torque of approximately 600 ft-lbs. 
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Figure 4: Hill Climb Free Body Diagram [1] 

Importantly, that torque value is based on static calculations and does not account for 
dynamic impact loads. For example, when a vehicle encounters an obstacle, or when there 
is a relative wheel velocity during a jump landing, instantaneous torques may be much 
higher than static design loads. These high-load, short-duration scenarios are precisely 
when a team may encounter sudden part failure, as shown below in Figures 5 through 9. 

 

 
Figure 5: Moments Before Gearbox Failure Due to Impact in Oregon, 2015 

 

Velocity M __ .. ,,.. 
/ Air Drag (Fad) 

/ Inertia (Ma) 

Normal Force (FN) 
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Figure 6: Former Team Captain Adam Marciniak Repairs the V1 Gearbox in Oregon, 2015 

 

 
Figure 7: Field Repair of Failed Weld on V1 Axle in Rochester, 2016 
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Figure 8: Full Failure of V1 Axle Shaft in Rochester, 2016 

 

 
Figure 9: Kevin Radford Posing with His Victim, 2018 
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2.2. Simulation and Testing 

Both the V1 and V2 gearbox designers performed finite element analysis to evaluate 
bearing loads, seen below in Figure 10. However, the simulated loading conditions were 
based on static calculations, and did not consider dynamic loading. As a result, safety 
factors must be used to account for the possibility of underestimated loads. For a race 
vehicle that prioritizes weight reduction, safety factors would ideally approach 1.0, 
representing a perfect matching of loads and designs. What’s more, even with a safety 
factor in place, without testing there is no guarantee of it being sufficient.     

 

    
Figure 10: V1 and V2 Gearbox FEA Results  

With an absence of load data, BCIT Racing must use methods such as destructive testing to 
determine whether designs are sufficiently strong. An example of this testing can be seen 
below, in Figure 11. This test resulted in the destruction of three heim joints and a trailing 
arm mount. It should be noted that non-destructive testing with load sensors avoids the 
time expense of repairs following a successful destructive test.  

 

    
Figure 11: Destructive Testing of BCIT Racing Baja Vehicle V2, 2019 
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3. Theoretical Background and Prior Art  

3.1. Torque Sensors in Racing Applications 

In the SAE technical paper Development of a Magnetoelastic Torque Sensor for Formula 1 
and CHAMP Car Racing Applications, Bitar et al. describe the necessity of a racing torque 
sensor which is installed on the car, rather than on a test bench. They note the difficulty of 
fully representing a racing vehicle with a simulation model, and state that such methods 
“rarely yield fully representative results.” The key performance metric to be measured is 
“true power” delivered to the wheels. For F1 teams, this can be used in several ways, 
including determining drag and downforce when comparing expected to actual 
accelerations, producing data which can inform torque vectoring differential controls, and 
producing true-to-life dynamometer readings that cannot be simulated even in a wind 
tunnel. [3] 

For an SAE Baja team, the race vehicle’s speed and power is orders of magnitude lower, 
and this allows the use of a different approach to measurement. In F1 racing, it is 
advantageous to remove the sensor from the axle itself in order to lower rotational inertia 
and reduce the impact of the measurement device. This necessitates the use of novel 
solutions like magnetoelastic torque sensing, which permits torque measurement without 
directly contacting the vehicle’s drive axle. A diagram of this system can be seen below, in 
Figure 12. 

 
Figure 12: Magnetoelastic Torque Sensor Diagram 

 

F1 vehicles can travel at speeds greater than 200 miles per hour. With wheels sized to the 
maximum allowable diameter of 470 mm [4], an F1 axle can approach angular speeds of 
more than 3500 RPM. Baja SAE vehicles, on the other hand, travel at speeds well below 
50 miles per hour, and axle shaft angular speeds will rarely exceed 600 RPM. As a result, 
attaching a sensor package directly to the drive axle becomes more feasible. The primary 
advantage of keeping the sensor package in direct contact with the axle is that it permits 
the use of strain gauge or load cell technology – a well-documented, cheap, and popular 
strain measurement system. The relative advantages of several strain measurement systems 
will be elaborated on in the next section.  

Drive shaft 
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C:=J 
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3.2. Comparison of Rotational Torque Measurement Systems 

Table 1, below, lists several potential torque measurement methods. Many of these 
methods are more appropriate for stationary industrial equipment, where sensing modules 
may remain installed for long periods of time. The final measurement method highlighted 
in grey has been selected for this project. This method uses a self-contained module to 
house both data and power electronics, and is not necessarily suitable for a factory as a 
piece of permanent equipment. However, it may suit a race car that may require axle 
swapping, and offers few locations for reliably mounting stationary hardware. 

 

Table 1: Comparison of Torque Measurement Methods 

Sensor Type Advantages Disadvantages 

Magnetoelastic [4] 

• Air gapped 
• Hard-wired data transmission 
• Minimal axle modification 
• Does not add rotational inertia 

• Difficult to apply polarized 
magnetic bands 

• Techniques not well-documented 
• More complicated 

Strain Gauge on 
Axle (Slip-Ring 

Power and Data) 
[5] 

• Minimal axle modification 
• Negligible added rotational inertia 
• Hard-wired data transmission 

• May require sealing with oil 
• Susceptible to friction wear 
• Data may be subject to noise due 

to brush movement 

Gimbaled 
Gearbox with 
Load Cell [5] 

• No axle modification 
• No effect on rotating mass 
• Hard-wired data transmission 

• May not fully isolate torque 
measurement 

• May compromise gearbox 
mounting strength 

• Mechanically complex 

Strain Gauge on 
Axle (Wireless 
data, inductive 

power) [5] 

• Batteries not located on rotating 
assembly 

• No potential for errors caused by 
brushes 

• Requires wireless transmitter to 
be attached to axle 

• Complex electronic design 

Clamp-on Module 
with Beam Load 

Cell [5] 

• Can be easily attached and 
detached 

• No modification to axle 
• Strain gauge applied to module, not 

axle 

• Adds mass and rotational inertia 
to system 

• Clamped rings must be as rigid as 
possible  

• Complex and precise machining 
 

Strain Gauge on 
Axle (Wireless 
data, battery 

power)  

• Self-contained as a module 
• Reliable power and data 

transmission 
• Housing does not require precise 

machining or high strength 

• Highest mass and rotational 
inertia of all choices 

• Highest software and firmware 
complexity of all choices 
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3.3. Viability of Torsional Strain Gauge for a Baja SAE Vehicle 

Moving forward in the design process having selected strain gauges as a potential torque 
measurement solution, the viability of the strain gauge must be calculated for use on a Baja 
SAE race vehicle. First, the estimated strain at the point of measurement should be 
calculated. This will determine whether the strain gauge setup will be sensitive enough, 
and if so, what amplification gain, and which Wheatstone bridge setup should be used. 
Second, the fatigue characteristics of the strain gauge itself should be accounted for.   

The following calculations estimate a strain (𝛾) of approximately 79 𝜇𝑠𝑡𝑟𝑎𝑖𝑛 when the 
gauge is applied to a solid steel shaft of a constant 1-inch diameter, 6.5 inches from the CV 
joint. The torque value of 180 lb-in is taken as an estimate of engine output from the 
dynamometer results in Appendix C. 

 

𝜙 =
𝑇𝐿

𝐽𝐺
=

(180 lb ∙ 𝑖𝑛)(6.5 𝑖𝑛)

(
𝜋

32 𝑖𝑛4) (11.6𝐸6 𝑃𝑆𝐼)
= 0.00103  𝑟𝑎𝑑  

  

𝑆𝑡𝑟𝑎𝑖𝑛, 𝛾 =
𝜌𝜙

𝐿
=

(0.5 𝑖𝑛)(0.00103 𝑟𝑎𝑑)

6.5 𝑖𝑛
= 79.2 𝜇𝑠𝑡𝑟𝑎𝑖𝑛 

 

      
Figure 13: A Cylinder in Torsion, with Detail of Stress Element [6] 

 

The fatigue characteristics of an average WK-type strain gauge is shown on the following 
page, in Figure 14. [7]  Note that the endurance limit shown is approximately ±2000 
𝜇strain, and so the calculated strain produced by a typical Briggs & Stratton Baja SAE 
engine on a solid 1-inch axle shaft is far below levels that would cause fatigue failure.   
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Figure 14: Fatigue Life of Strain Gauges 

This magnitude of estimated strain also appears to be appropriate for measurement without 
extremely sensitive instruments, and a half-bridge circuit coupled with a 16-bit Analog-
Digital Converter should provide a wide measurement range and resolution.  

For reference, Figure 15 shows the results of a rocket motor test performed by this project 
team in a MECH 8135 lab, supervised by BCIT instructor Taco Niet and assistant 
instructor Adam Marciniak. [8] The test was performed with a quarter-bridge gauge 
configuration, measured a load of 10N producing an estimated 32.3 𝜇strain, and was 
recorded by a 12-bit ADC. In comparison, with a higher-amplification half-bridge 
configuration and a higher-resolution ADC, the low range of torques on the Baja vehicle 
should be easily measured. 

 

 
Figure 15: Rocket Motor Test, MECH 8135 Lab (BCIT, 2018) [8]  
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3.4. Measurement of Angular Velocity 

Although angular velocity measurement is not necessary for determining design loads, 
coupling torque measurements with measured wheel speed can help to illustrate what, 
exactly, was occurring at a given moment in time. For example, it may be helpful to know 
if the vehicle was slowing down, speeding up, or landing a jump when a torque spike was 
detected. Additionally, taking a coupled speed measurement allows the calculation of 
instantaneous power at every moment, which can be helpful for tuning and analysis.  

 

Inductive Speed Sensors 

Most commonly, speed sensing for automotive applications is done with passive or active 
inductive sensors. Both produce a measurable wave pattern when a tooth on a tone ring 
passes the sensor, so the sensitivity of the system depends on how fine the tooth pattern on 
the ring can be made. This is a robust solution that reliably records the wheel speed of the 
vehicle; however, it does have some disadvantages in the context of this Torque/Speed data 
logger project.  

 
Figure 16: Typical Automotive Inductive Speed Sensor [9] 

The first problem with using an inductive sensor is that it should be permanently affixed to 
the vehicle, either inboard, mounted to the gearbox/differential, or on the outside of the 
axle, affixed to the wheel hub. This introduces new mechanical complexity to the system, 
and would require machined mounts and precise alignment between the inboard and 
outboard components. It would also need to account for the sliding action of the CV joints, 
and so would most likely have to use a floating mount.  

The second major problem is that using a discrete speed sensor introduces a severe 
complexity penalty to the system’s electronics and software, which would otherwise be 
self-contained, with no external components. The speed sensor module would require 
power and a data link, meaning it would either need a potentially fragile wired connection 
to the torsion sensing module, or it would require an independent power supply along with 
its own wireless connection.  
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MEMS Accelerometers 

One alternative to using an inductive sensor is to use an accelerometer based on Micro-
Electro-Mechanical Systems (MEMS) technology. MEMS components are often extremely 
small, with minimal power consumption and low cost. They have become popular in 
robotic products like quadcopters, and in consumer electronics like mobile phones. By 
placing an accelerometer at a known distance from the center axis of the vehicle axle, 
angular speed can be calculated. 

The problem with using an accelerometer as a speed sensor is that any translational 
accelerations experienced by the vehicle’s suspension will have a direct impact on the 
calculated speed readings taken from the sensor. This effect will be most noticeable when 
the vehicle encounters large obstacles or high suspension articulation at low speeds. 
Unfortunately, this is exactly the type of driving scenario expected for a Baja SAE vehicle. 
The translational effects will be the least noticeable at high speeds, when radial 
accelerations are of a significantly higher magnitude than translational accelerations.  

 

MEMS Gyroscopes 

Fortunately, MEMS gyroscopes are also available, and offer direct angular speed 
measurement in a tiny sensor package. These MEMS gyroscopes are small chips in which 
two known masses are oscillated in opposing phase, as seen in Figure 17. This coupled 
mass system permits the detection of Coriolis forces caused by rotation while ignoring 
translational accelerations.  

One problem with using MEMS gyroscopes is that the most popular sensors are used in 
drones and small robots for inertial measurement. The maximum rotational speeds 
experienced in these applications are fairly low, and so the lowest-cost and best-
documented sensors like the LSM9DSX series have a maximum measurement speed of 
2000 degrees per second (dps). While this would be enough for a Baja SAE vehicle at low-
to-medium speeds, a potential downhill top speed of 50 MPH necessitates a sensor that can 
measure up to 4000 dps.   

 
Figure 17: MEMS Gyroscope [10] 
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 4. Design, Testing, and Manufacturing 
4.1. Concept Generation and Iteration 

The data logger housing must protect the device’s sensors and electronics, while remaining 
light and compact enough to avoid affecting the test vehicle’s performance. It should be 
water-resistant, and robust enough to absorb moderate impacts. Additionally, user 
serviceability, flexibility, and ease of use must be considered.  

Because the device’s own rotational inertia is expected be one of the primary stress 
sources, the housing’s material must be lightweight as well as tough. Acetyl (Delrin) was 
chosen as a suitable material, however this choice necessitates the use of CNC machining. 
If we consider the housing to be a wear item that may require replacement, 3D printing 
with ABS and PLA becomes a viable manufacturing solution. 

The data logger is intended to be used as a testing tool for many years, and it is expected 
that electronics and batteries may need to be replaced over that time. While minimizing the 
data logger’s physical size reduces inertial stresses and improves durability, a priority was 
given to laying out electronic components in a manner that is easy to understand, replace, 
and modify.  

 
Figure 18: Initial Concept (Rev. 1) with Discrete Speed Sensor 

Concept 1: Discrete Speed Sensor 

The initial concept for the Torque/Speed data logger is shown in Figure 18, above. The 
clamshell design was chosen to allow for ease of installation, and ease of access to internal 
components. While waterproofing was a concern during the design process, it was decided 
that silicone sealant can be applied to the housing faces during installation.  

Also shown is a concept for an external speed reference sensor, similar to the ABS sensors 
seen on automobiles. If this concept had been pursued further, the sensor would have likely 
been located between the CV joint housing and the car’s gearbox to avoid the angular 
changes and sliding geometry between the CV housing and axle shaft.  
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Concept 2: Refined Clamshell with Integrated MEMS Gyroscope 

For the first major revision of the data logger concept, the clamshell design was refined 
and detailed to include features like a swappable access panel, channels for sealant, an area 
for PCB mounting, and a pair of waterjet aluminum clamps which are used to hold the 
housing in place on the shaft and locate the two batteries. While all of these elements have 
undergone significant simplification and revision, the basic functional concepts have 
remained unchanged through to the final design. 

 
Figure 19: Housing Rev.2: Details Added for Mounting Electronics and Attaching to Axle 

Detailed views of the axle clamps and swappable access port can be seen in Figure 20, 
below. The waterjet-cut aluminum axle clamps are designed to act as the sole interface 
between the housing and axle. In order to allow the housing to be made of low-strength 
printed plastic, it is necessary to avoid compressive forces, and so the housing is not tasked 
with clamping to the axle. The swappable access panel is designed to allow modification 
and improvements to the data logger interface in the future.  

        
Figure 20: Details of Axle Clamp (Left) and Swappable Access Panel (Right) 
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Concept 3: Reduction of Complexity and Weight 

Further revisions were made to reduce complexity and weight while retaining the same 
basic functionality seen above. Revision 3, pictured in Figure 21 below, saw the 
simplification of the access port design, a simplification of the waterproofing seal design, 
and a reduction of the housing’s length and diameter. 

 
Figure 21: Housing Rev.3: Reduced Size, Simplified Seals and Access Port 

Final Design: Rebuilt from the Ground Up 

For the final housing design, a new part file was built from scratch, loosely based on the 
Revision 3 concept geometry. Thought was put into creating geometry that is easily 
machined on a 3-axis mill, and the total housing length was further reduced from 7.25 
inches to 6.6 inches. The sealant groove was removed, as the team agreed that full 
waterproofing was not necessary on a typical Baja SAE endurance course.   

 
Figure 22: Housing Rev. 4: Final Design with Further Optimization of Size and Complexity 
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4.2. Rapid Prototyping and Iteration of Housing Designs 

During the design revision process, each version of the housing was 3D-printed to evaluate 
the size and shape of the data logger when installed on the Baja vehicle. This allowed the 
team to check the fitment of electronic components, to ensure the device’s clearance within 
the vehicle frame, and to get a real sense of the comfort and convenience of its user 
interface. 

 
Figure 23: Housing Design Iterations with Test PCB and Clamps 

 

 
Figure 24: Rapid Prototyping: 3D Printing to Check Revised Housing 
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4.3. Sensor and Electronics Validation 

Before design finalization and manufacturing began, it was necessary to validate that the 
proposed sensors, microcontrollers, and wireless modules functioned as intended. This was 
accomplished by creating calibration tests that demonstrated the system’s output in 
response to known physical inputs, such as a given mass, or a known speed. 

 

Gyroscope/Accelerometer Validation 

The Gyroscope/Accelerometer validation test module was designed to be placed in a 3-jaw 
lathe chuck. It was used to validate three functions: 

1. MEMS Gyroscope rotation sensing 
2. Accelerometer radial acceleration sensing 
3. Bluetooth connectivity during rotation 

This test was critical in confirming the basic design of the datalogger. If neither the 
gyroscope nor accelerometer proved suitable, a discrete optical or magnetic encoder would 
have had to be used. This would have complicated the datalogger’s electrical and 
mechanical designs, and would have harmed the device’s durability and reliability.  

Fortunately, the test validated the team’s assumptions. The gyroscope output the expected 
value to within 10%, and the Bluetooth connectivity functioned well despite the housing 
being rotated at approximately 300 RPM.  

 

    
Figure 25: Gyroscope and Bluetooth Validation Test 
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Torsion Test Validation 

To determine if the torsion measurement method of strain gauges would be acceptable for 
the final device, a testing rig was built. This test rig allowed for proof of concept, 
calibration, and debugging of the torsion measurement system while it was isolated from 
other electronic systems of the device.  

 
Figure 26: Torsion Test Rig 

 

The torsion measurement test rig pictured in Figure 26 was built around a spare Baja 
vehicle axle, with a strain gauge rosette applied. A typical torsion strain rosette, seen in 
Figure 27, has two gauges mounted at 45°-degree angles to the axis of the shaft, plus one 
gauge along the axial direction which we will not be using. Because the torsion rosette 
gauges are aligned out of the box, it is simple to set up a half-bridge Wheatstone bridge 
configuration, producing a sensor that is twice as sensitive to strain as a quarter-bridge.  

 

 
Figure 27: Diagram of a Typical Torsion Rosette with Half-Bridge Gauges 

/ 
/ 

Load 
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A 13-inch length of ¼ inch flat bar was used to create the loading bar. A hole was drilled at 
one end using a drill press to allow loads to be hung. A female splined CV hub was welded 
to the loading bar, allowing it to be placed on the end of the axle shaft when needed. 

To remove any irregularities on the shaft surface that could cause incorrect strain readings, 
the axle shaft was smoothed. Depending on the axle, after paint is removed, grooves may 
need to be taken down with grinders, sandpaper, or a lathe. A standardized procedure for 
strain gauge installation has been provided by the manufacturer, and can be found in 
Appendix F. 

Validation was achieved by applying a known force to the loading bar connected to the end 
of the drive shaft, causing torsion in the shaft. An example of a typical serial output plot 
can be seen below, in Figure 28. Using the relationship between torsional strain and the 
resistance of the strain gauges, a numeric value for the applied torque can be measured and 
displayed via the microcontroller’s serial output in the Arduino IDE.  

An example script using a 16-bit ADS1115 sensor can be found in Appendix A.2, or on 
BCIT Racing’s GitHub page at: 

 https://github.com/BCITRacing/STorq/tree/master/ESP32_Sensor_Test_Scripts 

 
Figure 28: Arduino IDE Serial Plot of Torsion Data 

The torsion test rig circuit is pictured below, in Figure 29. To process the signals from the 
Wheatstone bridge, the circuit uses an op-amp, an instrumentation amplifier, gain resistors, 
and a 16-bit ADS1115 ADC which feeds either an Arduino or an ESP32. All electrical 
components were mounted to the breadboard and connected with wire. It should be noted 
that voltage divider resistors may be necessary if using an Arduino as the microcontroller. 
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Figure 29 Torsion Tester Wiring Schematic 
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Mechanical Calibration and Test Procedure 

Calibration of the torsion measuring system can be performed by loading the axle with 
known set of weights. When multiple weights are measured and recorded, the gain (slope) 
of the line can be found for the system. If there is a gain error, it can be removed by 
programming a correction factor into the code for the microcontroller. It may also be 
necessary to correct the zero offset error of the system.  

The figure below shows an assumed linear output of the strain gauge along with the 
measured output of the device with an incorrect gain. 

 
Figure 30: Gain Error 

 

Force/Voltage Relation for Torsion 

The force voltage relationship derived below was used to convert voltage signals from the 
Wheatstone bridge into a value corresponding to a measured torque.  

𝜏 = Shear stress 

𝜎 = Stress 

T = Torque 

c = Distance to outer edge of shaft from centre 

𝐽𝑠𝑜𝑙𝑖𝑑 𝑠ℎ𝑎𝑓𝑡 = Dolar moment of inertia 

D = Diameter of the shaft 

E = Young’s Modulus 

Torque 
Output 

40 ft lb 

25 ft lb 

251b 

Weight Applied 

Measured 
Output 

Assumed Linear 
Relation 
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𝜈 = Poisson’s ratio 

SG = strain guage constant 

𝜖 = strain 

R = resistance 

Vi = bridge input voltage 

Vo = bridge output voltage 

 

The final derived equation was coded into the microcontroller to convert voltage into a 
usable torque value. 

 

Strain-Force Relation 

𝜏 =
𝑇𝑐

𝐽
   

 

For a solid shaft, 

𝐽𝑠𝑜𝑙𝑖𝑑 𝑠ℎ𝑎𝑓𝑡 =
𝜋𝐷4

32
  

𝑐 =
𝐷

2
 

 

Therefore, 

𝑇 =
𝜏𝐽

𝑐
=

𝜏𝜋𝐷3

16
  

 

𝜎 = 𝜏 =
𝜖𝐸

1 + 𝜈
 

 

Combining 1 and 2, 

𝑇 =  
𝜖𝐸𝜋𝐷3

(1 + 𝜈)16
  

  

1 

2 

- - 0 
- 0 
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Strain relation: 

Δ𝑅

𝑅
= 𝑆𝐺 ∗ 𝜖 

 

Therefore, 

Δ𝑅

𝑅
= 𝑆𝐺 ∗

𝑇(1 + 𝜈)16

𝐸𝜋𝐷3
 

 

Half Bridge Voltage Input Output 

𝑉𝑂 =
1

2

Δ𝑅

𝑅
𝑉𝑖 

𝑉𝑂 =
1

2
𝑆𝐺 ∗

𝑇(1 + 𝜈)16

𝐸𝜋𝐷3
𝑉𝑖 

 

Torque-Voltage Relation 

𝑇 =
𝑉𝑂𝐸𝜋𝐷3

8𝑆𝐺(1ା𝜈)𝑉𝑖
=

1

8

𝑉𝑂∗(29000000)𝜋(1)3

(1.5)∗(1ା0.27)∗(5)
   

 

The following constant values are used: 

𝐷 = 1 𝑖𝑛𝑐ℎ 

𝑉𝑖 = 5𝑉 

𝐽𝑠𝑜𝑙𝑖𝑑 𝑠ℎ𝑎𝑓𝑡 =
𝜋𝐷4

32
=  

𝜋

32
  

𝐸𝑠𝑡𝑒𝑒𝑙 ≈ 29 ∗ 106 𝑝𝑠𝑖 

𝜈𝑠𝑡𝑒𝑒𝑙 = 0.27 − 0.31 

𝑆𝐺 = 1.3 ± 0.2 
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Positive and Negative Torsion Measurement  

The main challenge for the torsion device was to be able to measure torsion in both 
directions about the axis of the drive shaft. It is important for the device to read both 
directions, so driveline loads can be measured for different vehicle obstacles such and 
jumps and landings. This was a challenge because the final device on the vehicle would not 
be connected to a bench power supply, which could easily supply the device with both 
positive and negative voltages. Instead the microcontroller would only have +3.3V and 
ground. 

 
Figure 31: Voltage Divider Circuit 

To allow the torsion rig to measure both direction of torsion, a reference voltage of +1.65V 
was used. This reference voltage was fed into the reference pin of an instrumentation amp 
to allow a signal of 0V to 1.65V to measure on direction and >1.65V to 3.3V to measure 
the other direction. The circuit diagram below shows the configuration of the electronics 
used to make the +1.65V. 

An additional op amp was needed in order to have a +1.65V available for the 
instrumentation amp. The op amp was used in a unity gain configuration so that its output 
was consistent. The source for this op amp was a voltage dividing circuit consisting of two 
equal resistors. This provided a steady 1.65V reference without the power losses associated 
with a linear regulator.  

 

  

Voltage Divider 
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3.3V 
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4.4. Electrical System Design 

Wiring Diagrams and Schematics 

Electrical schematics were created with the software Fritzing. This program offers a quick 
interface for creating circuit diagrams, and contains libraries of many of the components 
that were used for the project. Using Fritzing simplified the process of making changes to 
the electrical system, and allowed for quicker implementation of changes. Fritzing also 
allows for the electrical system to be translated into a layout to produce a printed circuit 
board, with automatically-generated PCB traces.  

 
Figure 32: Full System Wiring Schematic 

Battery System 

The battery charging system was custom-built, due to the data logger using a non-standard 
7.4V system voltage. Specialized charging boards do exist for this voltage, however, due to 
cost and shipping times, the project team went ahead with designing a semi-custom 
solution.  

The charging system uses a 5V USB input fed into two DC-DC converters which isolate 
the batteries. In this configuration, the batteries are charged independently in parallel. The 
batteries are configured in series to get a system voltage of +7.4V which is in the supply 
voltage range of the microcontroller.  

' 
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Figure 33 Battery System Wiring Diagram 

 

PCB Design and Manufacture 

Two printed circuit boards were designed and manufactured to simplify wiring and locate 
electronic components. Also, circuit boards allowed for secure connections which were 
sometimes lacking in the breadboards used in the projects. The two boards were designed 
in the Fritzing software and manufactured in house in the BCIT electronics laboratory. The 
boards were designed to be as compact as possible to fit inside the enclosed space of the 
device housing. 

 
Figure 34 Top and Bottom PCB Layout 
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PCB Manufacturing Procedure 

The printed circuit board were manufactured in the BCIT electronics lab. The process 
required printing the circuit board designs on special transfer paper. The toner from the 
print was transferred to a copper covered board with the help of a heated T-shirt press. 
Once the toner was transferred to the copper a foot activated shear was used to trim the 
dimensions of the board. 

 
Figure 35: PCB in Etching Tank 

The next step in manufacturing a PCB was to put the board in an etching tank to remove 
unwanted copper from the board. When the desired copper was fully removed, the board 
was wiped with acetone to remove the layer of toner. The board was completed by drilling 
the appropriate holes for the electronic components with a drill press. 

 

 
Figure 36: Toner Removal in Acetone Bath 
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5. Discussion of Results 

5.1. Torsion Test Results 

To validate the output of the torsion strain gauge, a spare axle was converted into a test rig. 
A strain rosette was applied to the shaft of the axle, and a block was welded to its base to 
allow clamping in a vise. Hanging a known mass at a set distance from the axis of rotation 
permits calibration of the amplifier, and an estimation of the full-scale voltage range that 
the analog-to-digital converter should be ranged within. 

 
Figure 37: Torsion Calibration Test in Progress 

The initial results from the torsion test using a 25 lb weight resulted in values of that were 
higher than anticipated. The output from the graphing code showed that the torque output 
was exactly 1.6 times greater than should have been. Review of the microprocessor code 
and equation derivations showed that the strain gauge factor SG was missing from the 
voltage strain relation equation. This value was found on the packaging of the acquired 
strain gauges. Spec given on the package was 1.3 ± 0.3. After adding this number to the 
code, the output of the test rig was much closer to anticipated values. 

 
Figure 38: Strain Gauge Data Label 
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5.2. Eliminating Zero Offset 

It was observed during testing that the serial output of the torsion test rig has a natural zero 
offset error. That is, when no load is applied, a non-zero torque reading is shown. To 
eliminate this offset, a y-intercept bias adjustment can be added to the code. It was also 
observed that sometimes when wires on the breadboard were disturbed, torsion reading 
would be left with a permanent bias. This should be corrected with PCB-mounting.  

 
Figure 39: Non-Zeroed Torsion Reading  

Figure 38 shows the output of the system with a 25 lb. weight applied to the loading bar. 
The unloaded output showed a zero offset approximately 6 lbs, and the reading with the 
load is approximately 32 lbs. If the system was properly zeroed, the measured load would 
have been 26lb which is 1 lb of the expected value. When the axle is assembled, it should 
be calibrated to make an attempt at eliminating zero-offset, however the magnitude of this 
offset will likely be minor compared to the torques experienced during vehicle testing. 

 
Figure 40: Torsion Reading 25lb Clockwise 
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5.3. Battery System Results 

The operation test of the battery charging system showed that the batteries charged 
independently as predicted. Also, the system voltage from the batteries in series measured 
in the required range for the micro controller to use. No overheating of any battery system 
components was found. Safety was a large concern for designing the system. However, no 
problem could be reported.  

 
Figure 41 Battery Charging PCB Layout 

5.4. PCB Results 

Ultimately, the team was successful in unifying all the data logger components into a 
system of two PCBs. Testing shows that torque and angular velocity sensing is working as 
intended.  

It should be noted that some problems were encountered during manufacturing. These 
included problems with sizing the PCBs for the housing, and electrical path errors that had 
to be fixed by scratching out leads on the final PCBs. 

 
Figure 42: Custom PCBs 
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5.5. Android Mobile Application 

At the time of this report, the data logger’s corresponding mobile application is 
successfully graphing and storing a single stream of data transmitted by the ESP32 
microcontroller over Bluetooth.  

Test code has been written for the ESP32 which outputs a three-variable string, including a 
microcontroller-side timestamp, however the Android app must be updated to parse the 
new data structure. Previously, the app received a single value as a string over Bluetooth, 
and parsed it into a double. Now, it must receive three comma delimited values transmitted 
in a single string, and parse them into a convenient data structure for graphing and storing 
the information.  

The multi-variable transmission test code for an ESP32 can be found in Appendix A.3., 
however this code will continue to be updated and the latest version can be found on BCIT 
Racing’s GitHub at the following URL: 
 
https://github.com/BCITRacing/STorq/tree/master/ESP32_Sensor_Test_Scripts/Multiple_Data_Stri
ng_Bluetooth_Test 
 

 
Figure 43: Gyroscope Data Displayed on Grapher App 
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6. Conclusion 

6.1. Summary and Assessment of Success 

Overall, this project was a success, despite some remaining functionality needing to be 
added to the Android mobile app. For this reason, the application source code has been 
uploaded to BCIT Racing’s GitHub page at the following URL: 

https://github.com/BCITRacing/STorq 

This GitHub repository will contain the most up-to-date version of the graphing App, and 
will also contain scripts for testing the ESP32 with sensor packages, as well as a final 
ESP32 script, ESP32_FINAL.ino.  

Additionally, this will be where user guide documentation will be supplied to the team. 

6.2. Lessons Learned 

Through the process of completing the Torque/Speed data logger project, some important 
lessons have been learned. These include: 

1. Redundancy in manufacturing methods is incredibly important. The housing for the 
data logger was initially designed to be CNC machined from Aluminum or Acetyl, 
but the design was strengthened and simplified along the way to allow it to be 
printed with additive methods as well. This turned out to be a good choice, as time 
and machine availability became scarce in the spring.  
 

2. Similarly, redundancy of functional components became an important 
consideration. The ICM-20601 MEMS gyroscope chosen for its 4000 dps 
capabilities was challenging to integrate, and was very nearly abandoned. A backup 
plan was in place to use an LSM9DS1 sensor if necessary. 
 

3. Time management is always key. For a short project, it is important to recognize 
when a concept has been sufficiently proven or validated, and to recognize when it 
is time to push onward. For example, while sensor validation is important, fine 
calibration is critical upon final assembly, not mid-project.  
 

6.3. Future Work 

The success of the Torque/Speed data logger may enable BCIT Racing members to press 
forward with interesting design projects in future race seasons. Some examples may 
include: 

1. Design of a slip clutch torque limiter, either integrated as a two-piece gear, or as an 
external part. This project might be similar in function to the Propeller Torque 
Limiter Design and Manufacture capstone completed this year by Yioldassis, 
Thomson, Sorace and Musil. A torque limiter with spring-tensioned ball bearings 
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would allow the team to closely calibrate maximum allowable back-driven torques, 
allowing the use of negligible safety factors in the design of drivetrain components 
like gears and axles. 
 

2. Improvements to the Android application interface to expand the control of testing 
parameters like averaging, sample rate, and calibration. Additionally, it would be 
beneficial to create an Arduino sketch that allows users to download stored data 
from the on-board SD card, and to wipe it clean.  
 

3. As new axles are designed, strain gauges may be attached to them. If the axles 
remain the same diameter, the housing should not require modification. If a larger 
diameter is used, the housing will need significant revision, while a slimmer axle 
can be easily adapted to.  
 

4. The Torque/Speed data logger concept may benefit from an iterative continuation 
of the design process after the current model has been tested and evaluated. 
Improvements could be made to making the data logger lighter, smaller, and 
simpler to manufacture and use.  
 

5. Investigate the feasibility of using the cheap and well-documented LSM9DS1 
gyroscope. While this sensor package’s gyroscope only records up to 2000 dps, it 
may be feasible to program a switchover function to calculate rotation speed with 
the unit’s accelerometers after a certain speed is reached. This would make 
programming the data logger simpler due to the existence of Adafruit Arduino 
libraries, and it would be far cheaper to produce.  

 

6.4. Design Hurdles 

Faulty Breadboard 

One of the major difficulties with the project was proofing the torsion measurement 
concept using strain gauges. The difficult with this part of the project was with getting 
usable reading out of the Wheatstone bridge when mounting all the electronics onto a 
breadboard. It was found that a faulty breadboard was interrupting the flow of electricity in 
the circuit. Once the breadboard was changed, usable signal readings were read by the 
micro controller. 

 
Figure 44: Faulty Breadboard 
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PCB Manufacturing 

Manufacturing the PCBs caused some problems and delays in the project for two reasons. 
The first was that both members of the team were unfamiliar with the process, and the 
second was that any mistakes in the design of the board required the board to be remade. 
The available times that the electronics lab made it difficult to remake boards when 
mistakes were found. After the team became familiar with the process and the all the bugs 
were found on the board, the team was able to complete this stage of the project.  

Microcontroller Selection 

The initial selection for the microcontroller to be used with the project was an Arduino 
Nano. It was later decided to switch to an ESP32 microcontroller after the electrical system 
was becoming increasingly complex as due to the voltage dividers required by multiple 
sensors and accessories designed for 3.3V circuits. The ESP32 naturally runs its digital I/O 
at 3.3V. The ESP32 also integrates Bluetooth functionality, which otherwise had to be 
added with a separate HC-05 module. It should be noted that the ESP32 can be 
programmed with the Arduino IDE, when the proper libraries are installed, making it as 
simple to use as a typical Arduino.  

 
Figure 45: ESP 32 Microcontroller 
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Appendix A: Source Code 
NOTE: This code remains live, and may be updated by BCIT Racing team members. 
Please check BCIT Racing’s GitHub page for the most up-to-date version: 

https://github.com/BCITRacing/STorq/tree/master/ESP32_Sensor_Test_Scripts 

Appendix A.1. Gyroscope Test Script 
//This code is used to validate the transmission of a single data point in 
string form via Bluetooth serial.  
//Use an app like Serial Bluetooth Terminal to observe data transmission: 
https://play.google.com/store/apps/details?id=de.kai_morich.serial_bluetooth_te
rminal 
//By Russ Case, 2019 
 
 
#include "BluetoothSerial.h" 
#include <Wire.h> 
 
#if !defined(CONFIG_BT_ENABLED) || !defined(CONFIG_BLUEDROID_ENABLED) 
#error Bluetooth is not enabled! Please run `make menuconfig` to and enable it 
#endif 
 
BluetoothSerial SerialBT; 
 
void setup() { 
  Serial.begin(19200); 
  SerialBT.begin("BCIT Racing Gyro Test"); //Bluetooth device name 
  Serial.println("The device started, now you can pair it with bluetooth!"); 
 
  Wire.begin(); // join i2c bus as master 
  Wire.setClock(400000); 
  Serial.println("Open i2c bus"); 
 
  Wire.beginTransmission(0x68); // transmit to device #0x68 
   Wire.write(byte(0x1B));      // sets register pointer to the gyro command 
register (27) 
   Wire.write(byte(0x18));      // sets gyro to 4000 dps 
   int error1 = Wire.endTransmission();      // stop transmitting 
 
 
   Wire.beginTransmission(0x68); // transmit to device #0x68 
   Wire.write(byte(0x6B));            // sets register pointer to the power 
management 1 register (107) 
   Wire.write(byte(0x9));             // turn off sleep mode, disable temp 
sensor, set clk type (see pg 43 of datasheet) 
   int error2 = Wire.endTransmission();      // stop transmitting 
    
 
   Wire.beginTransmission(0x68); // transmit to device #0x68 
   Wire.write(byte(0x6C));            // sets register pointer to the power 
management 2 register (108) 
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   Wire.write(byte(0x38));             // disable accelerometers, enable gyros 
(see pg. 44 of datasheet) 
   int error3 = Wire.endTransmission();      // stop transmitting 
 
  Serial.print(error1); 
  Serial.print(error2); 
  Serial.print(error3); 
  Serial.println("\nSetup Complete"); 
  delay(1000);  
 
} 
 
short reading = 0; 
double rpm = 0.0; 
 
void loop() { 
   
  Wire.beginTransmission(0x68);             // get slave's attention 
  Wire.write(byte(0x45));                   // sets register pointer to echo 
Xout_h 
  Wire.requestFrom(byte(0x68), 2, false);                // request 1 byte from 
slave device #0x68 
  int error4 = Wire.endTransmission();      // stop transmitting 
 
  if (2 <= Wire.available()) { // if two bytes were received 
    reading = Wire.read();  // receive high byte (overwrites previous reading) 
    reading = reading << 8;    // shift high byte to be high 8 bits 
    reading |= Wire.read(); // receive low byte as lower 8 bits 
    //rpm = (double(reading))*0.02034505; 
    rpm = (double(reading))*4000/6/32768; 
    SerialBT.println(rpm);   // print the reading 
  } 
   
} 
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Appendix A.2. Torsion Test Script 
// This code is used to validate the serial output of a strain gauge reading 
sent through an ADS1115 ADC.  
// By Jeremiah Moreno – 2019 
 
#include <Wire.h> 
#include <Adafruit_ADS1015.h> 
 
Adafruit_ADS1115 ads;  /* Use this for the 16-bit version */ 
//Adafruit_ADS1015 ads;     /* Use thi for the 12-bit version */ 
 
float result_sum = 0.0; 
 
void setup(void) 
{ 
  Serial.begin(250000); 
  //ads1115.begin();  // Initialize ads1115 
  ads.begin();  // Initialize ads1115 
 
  //                                                                ADS1015  
ADS1115 
  //                                                                -------  --
----- 
  //ads.setGain(GAIN_TWOTHIRDS);  // 2/3x gain +/- 6.144V  1 bit = 3mV      
0.1875mV (default) 
   ads.setGain(GAIN_ONE);        // 1x gain   +/- 4.096V  1 bit = 2mV      
0.125mV 
  // ads.setGain(GAIN_TWO);        // 2x gain   +/- 2.048V  1 bit = 1mV      
0.0625mV 
  // ads.setGain(GAIN_FOUR);       // 4x gain   +/- 1.024V  1 bit = 0.5mV    
0.03125mV 
  // ads.setGain(GAIN_EIGHT);      // 8x gain   +/- 0.512V  1 bit = 0.25mV   
0.015625mV 
  // ads.setGain(GAIN_SIXTEEN);    // 16x gain  +/- 0.256V  1 bit = 0.125mV  
0.0078125mV 
} 
 
void loop(void) 
{ 
  //Define those variables yo 
  int16_t results, adc0; 
  double volt; 
  double torque; 
  double Vi = 3.3; 
  double D = 1.0; 
  double pie = 3.141592654; 
  double E = 27.5E6; //Somewhere between 27E6-31E6 
  double nu = 0.31; 
  double zerovalue = 2.0544373989; 
  double ampGain = 1000; 
  double SG = 1.5; //0.13+-0.2 
  double ADCconversion = 0.000125;// This value is found in the above table 
depending on the chosen gain 
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  //Get the Voltage difference from the IN-AMP 
  results = ads.readADC_Differential_0_1(); 
  volt = (double)results * ADCconversion; 
  volt = volt - zerovalue; //The zero no load voltage of shaft 
  volt = volt / ampGain; 
  torque = volt * pie * pow(D, 3) / SG / 8.0 * (E / (1.0 + nu)) / Vi / 12.0; 
//the divide 12 is a foot 
  Serial.println(torque, 2); 
 
  //Code for zeroing and debugging 
  /*  
    //Get the Voltage difference from the IN-AMP 
    results = ads.readADC_Differential_0_1(); 
    volt = (double)results * 0.0001875; 
    Serial.print("voltage:"); 
    Serial.print(volt, 10); 
    Serial.print("\n"); 
    //zero the reading 
    volt = volt - zerovalue; //The zero no load voltage of shaft 
    //remove the IN AMP Gain 
    volt = volt/ampGain; 
 
 
    Serial.print("corrected voltage:"); 
    Serial.print(volt, 10); 
    Serial.print("\n"); 
 
    //Calculate Torsion 
 
    torque = volt * pie * pow(D, 3) / 8.0 * (E / (1.0 + nu)) / Vi/12.0;//the 
divide 12 is a foot conversion 
    Serial.print("torque:"); 
    Serial.print(torque, 2); 
    Serial.print("\n"); 
    delay(1000); 
 */ 
} 
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Appendix A.3. Multiple Data Point String Bluetooth Test 
//This code sends two axes readings from the ICM-20601 gyro along with uptime 
in ms, through bluetooth serial as a string.  
//Use an app like Serial Bluetooth Terminal to observe data transmission: 
https://play.google.com/store/apps/details?id=de.kai_morich.serial_bluetooth_te
rminal 
//By Russ Case - 2019 
 
#include "BluetoothSerial.h" 
#include <Wire.h> 
 
#if !defined(CONFIG_BT_ENABLED) || !defined(CONFIG_BLUEDROID_ENABLED) 
#error Bluetooth is not enabled! Please run `make menuconfig` to and enable it 
#endif 
 
BluetoothSerial SerialBT; 
 
void setup() { 
  Serial.begin(19200); 
  SerialBT.begin("Adobo Analytics ESP32"); //Bluetooth device name 
  Serial.println("The device started, now you can pair it with bluetooth!"); 
 
  Wire.begin(); // join i2c bus as master 
  Wire.setClock(400000); 
  Serial.println("Open i2c bus"); 
 
  Wire.beginTransmission(0x68); // transmit to device #0x68 
  Wire.write(byte(0x1B));      // sets register pointer to the gyro command 
register (27) 
  Wire.write(byte(0x18));      // sets gyro to 4000 dps 
  int error1 = Wire.endTransmission();      // stop transmitting 
 
 
  Wire.beginTransmission(0x68); // transmit to device #0x68 
  Wire.write(byte(0x6B));            // sets register pointer to the power 
management 1 register (107) 
  Wire.write(byte(0x9));             // turn off sleep mode, disable temp 
sensor, set clk type (see pg 43 of datasheet) 
  int error2 = Wire.endTransmission();      // stop transmitting 
 
 
  Wire.beginTransmission(0x68); // transmit to device #0x68 
  Wire.write(byte(0x6C));            // sets register pointer to the power 
management 2 register (108) 
  Wire.write(byte(0x38));             // disable accelerometers, enable gyros 
(see pg. 44 of datasheet) 
  int error3 = Wire.endTransmission();      // stop transmitting 
 
  Serial.print(error1); 
  Serial.print(error2); 
  Serial.print(error3); 
  Serial.println("\nSetup Complete"); 
} 
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short reading1 = 0; 
short reading2 = 0; 
double rpm = 0.0; 
 
int time_0; 
int time_now; 
int i = 0; 
 
 
 
void loop() { 
 
  String msg = ""; 
  String r1 = ""; 
  String r2 = ""; 
  String t = ""; 
 
  // Record time in ms 
  if (i <= 0) { 
    time_0 = millis(); 
    i++; 
  } 
 
  //SerialBT.println('A');                    // Send signal indicating that 
ESP32 is ready to transmit data 
 
  time_now = (millis() - time_0);             // record time of readings 
  t = String(time_now, DEC); 
 
  delay(250);                              // Delay for human readability. Take 
this out later 
   
  //if (SerialBT.read() == 'B') {             // Detect phone signal indicating 
it is ready to receive data 
 
    // Call X-Gyro  
    // (NOTE: replace the X-gyro call with an ADS1115 request, we want to send 
time, torsion and RPM. This is just to check functionality) 
    Wire.beginTransmission(0x68);             // get slave's attention                     
    Wire.write(byte(0x43));                   // sets register pointer to echo 
X axis high byte  
    Wire.requestFrom(byte(0x68), 2, false);   // request 1 byte from slave 
device #0x68 
    Wire.endTransmission();                   // stop transmitting 
 
    if (2 <= Wire.available()) {              // if two bytes were received 
      reading1 = Wire.read();                  // receive high byte (overwrites 
previous reading) 
      reading1 = reading1 << 8;                 // shift high byte to be high 8 
bits 
      reading1 |= Wire.read();                 // receive low byte as lower 8 
bits 
      r1 = String(reading1); 
    } 
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    // Call Y-Gyro 
    Wire.beginTransmission(0x68);             // get slave's attention 
    Wire.write(byte(0x45));                   // sets register pointer to echo 
Y axis high byte 
    Wire.requestFrom(byte(0x68), 2, false);   // request 1 byte from slave 
device #0x68 
    Wire.endTransmission();                   // stop transmitting 
 
    if (2 <= Wire.available()) {              // if two bytes were received 
      reading2 = Wire.read();                  // receive high byte (overwrites 
previous reading) 
      reading2 = reading2 << 8;                 // shift high byte to be high 8 
bits 
      reading2 |= Wire.read();                 // receive low byte as lower 8 
bits 
      r2 = String(reading2); 
    //} 
 
     
    msg = t + "," + r1 + "," + r2;          // Assemble time, reading1, and 
reading 2 into a string to transmit 
 
  SerialBT.println(msg);   // print the reading 
 
  } 
  // use this conversion factor if you want to convert to RPM before 
transmission.  
  // rpm = (double(reading))*4000/6/32768; 
   
} 
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Appendix B. Selections from ADS 1115 Datasheet 

Appendix B.1. Overview 

 
  

- Folder l:!:.11 Oorornm1m ,, Soft,...are Community 

..li.t. T_E_XAS 
'V INSTRUMENTS AOS11 13 AIDS1H4, ADS11 15 

SW\.S~ 40 - Y :ZO\l9- Ri:.\Jl.scD JANUARY 201 B 

ADS11 h Ultra-Small, Low-Power, I:2c~compatib:l,e1 ,860-SPS,. 1;6-Bit .ADCs 
WHh !Internal R,eference, Oscillator,, and Prog,rammable Comparator 

1 Features 
• UJlra•Sma,11 X2QFiN Package. 

2 mm )( 1.5 mm l( 0.4 mm 
• Wiqe supply Range: 2.0 v to 5.5 v 
• Low Currerll ConsumpUon: 150 i1A 

(Confnuous-Conversion Mode) 
• Prngiramrnable Data Rate::-

8 SPS to 860 SPS 
• S1ingre~Cyde Set1iling 
• Internal Low-Drift Voltage Reference 
• Internal Oscillator 
• 12C !Interface: Fo,ur Pin-Selectable Addresses 
• F'our Sing,le-Ended o r Two Oiiffere.ntial Inputs 

(ADS1115) 
• Prng,ra mmable Comparator (ADS11 ·14 and 

ADS11115) 
• Opera,tmg Temperature Rang,e; 

-40 C to +125°C 

2 App.llications 
• Portable lristn.U'nenlalion 
• Battery Voltage and Cuirrent Monitorlng 
• Temperatur,e Measureme,nt Syslems 
• Consumer Electronics 
• F aolory Autom atron and Process Con1ml 

3 Description 
The AOS1113,. AOS1114, and AOS1115 devjces 
(ADS11 1x) are preds1on , low~power, 16~bit, 12C~ 
compatible , ·ana log•to-drgital converte rs (ADCs) 
o,ffered in an uUr:a.-sroan, le.adless, X20FN-1 o 
package. and a VSSOP~10 package. Tine ADS11 1x 
device.s incorp0rate a low&dr fl vol1age ref,erance and 
an oscmator. The AD81114 and ADS1115 also 
incorporate a programmable gain amplifier (PGA) and 
a .digital comparator, These fealure,s, along with a 
Wide 01peratlng suppl.y raoge, roalke lhe ADS 1111 :x. well 
suited fo r power- and space-constrained , sensor 
measurement applications. 

The .ADS111x perform conversions at da:ta rates up 
to 860 samples per second {SPS,. The PGA offers 
iriput ranges from ±256 mV to ±6.144, V, all'ow,ng 
prE:ld se large- and s m alJ-sign al measure , ents. The 
ADS1 11 5 features an input multiple"Xer (M UX) "that 
aUows two dffferentiali or four slrigle&erided i,nput 
measur,~ments. Use the dig,ital con,,para1or in lhei 
ADS U 14 and ADS 1115 for under~ and overvol1tage 
dE!leciion. 

The ADS1111-x opera,le io- .e-Uh1:1r .con.tinuous-
oonverston mode or single-snot mode. The devices 
a re au lornatically powered dO"wn after or1e oonve rs ion 
il'l sing,hMh ot mode-: 'therefore, power consumpt1ori is 
significantiy reduced during ldie periods. 

D&'VIC9 lnformatl,on11)' 

PART NUMBER PACKAGE BODY SIZE {NOM) 

A0 $ f1 11x 
X2Q FN (1 O) 1.50 rrvn " 2.00 mrn 

VSSOP (10) -:'l,,00 rnm :tOO mm 

(1) Far all available packagos, soc lhc piacl<age option -a.£1dc11dum 
at lhe end of me data shwt. 

VOCI 

•\DDR 

SD"', 

GN[) 
Capyrlg•1. ~ '.i'OH1. Taxas ln!ll.ru~nl~ lr,c0(~8rated 

A. An IMPORTANT NOTICE al 1he end al' th1~ d.iLa $heet ~ddre!;.ses, ;iva,11.!blll t)- , w~rTa,nty ,;;h.inge!o, 1,1~e m ~a(ely-1;nhca,I .ippl1.;..;1110n$ 
..ta. inl.elle~tu.;il propert)' 111atler$ ~nd oth1;-r 1mpor1anl dis~l.i1m1;-r.;,, PR:OOUCTION DATA, 
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Appendix B.2. Absolute Maximum Ratings 

 
 

ll:~ 
I NSJ RU~ C!NTS 

ADS1113, ADS1114, ADS1115 
SBA~-+44D-MA'r :!WY-REVISED JJ\NI.JA,R'( ..:UHi www.tl.e"m 

7 S,pedficatjons 

7.1 Absolute Maximum Rat ings 
veroperatlng fra@•a1r 1emf}sr<1b.lre ranae (untes:s olherw :::i·lll> nor.ed)L'11 

MIN MAX UNtT 
VDO lo 13ND -{1 ,3 1 'V 
AINO, AIN1, AIN2, AlN3 G'NIJ -(L3 Q.3 \t 
S-DA, -SCL, ALERT/ROY G'ND 0.- 5,5 "I 
Any ptn ru:c.ept power upply Pl11!, -1•1l Hl mA 

-40 125 

ern~er-alure JunciP001 T J -40 1 Q ·c 
S-to _ga. T,:1 ~oo 50 

(1) S1rSs!.e5 h8yand 1hl)se listed under Ai).,;DJ(.11/:- MaK1m11m R-i'ltmg~ rn.iy cau~-e pc-rrnanent damage to the deVJi:;8 l h,E!-S!;;" i;lre stress ratin~s 
on ''1 whl(;;h o ni.,t imply jum;l1,ona op1;1ta ·on, ,ol the (IE!~1c;f;! ~t mesa or a!'l)' o-mer cnnd1t i;ir beyond thos e- lndiC1;1~i!'d 1,m-der li'ei;omm!ilmi'E>d 
Op~ralmg Cm,ri1r1ons Expo~u~ ID ab!:OIIJle-maximum-.ated c.,;ind1t1ons for e>:lenderl per 1r.,cs ma'.I' ;iffec;t deYlce r~ lanility, 

7.2 ES,D Ratings 

Ele.:.trostallc. d1scfiat19e I 
Charged devTc.e mC'del !Cl'Mf. i:,er JED EC ~pecTficatTori JESD2'2 Cl 01 :7 • 

jllt.m1ar1-tiuo:Jy r110Je i (llBM), per A.NSI/ESDAJJEDEC JS-001 •°1"": 
I V~LUE 

±:.!:000 

±&00 

(1) JED EC dooument JEP155 '!.t~t~ thEit 500-V HBM allow-;i s.ife ma.11ufc1{tur ng with a ~tandard ESD oonlrol process, 
(2) JED EC dooument JEP157 nm~ thElt 250-V C['IM allow5 ':.afe me1nuP:Jct1.mng w11ti a 5tanda.rd ESD control pro.::e5s 

7.3 Recommended Operating Condmon,s 
I WIN N0M ~M l 

POWER SUPPLY 
Power '5Upp1y (VOD lo G O), I 2" ·s-,51 

ANALOG INPUTS 
FSR 11-ul l•.scn!E" Tnput \i\01tage range (ZJ (V 1N V1~J'tJ'J - V. i1i1NN)l I t 0.£5,6 !!tii,144 I 
V l. /\b5c;l!l.i(e lnpu! 11 I GND VDD I --DIGITAL INPUTS 
Vo-c; Dh; ita• input voOage I GND ·s ,5 I 
TEMPERATURE 
T11. a i1:1erati rn9 amllilenJ \emper.iture I ....!IU 12~1 

(1) AINP .:ind AIINN denote lhe i!W:14&cted pos,t111e dnd rie,g~b\10 1rtp..il~, AIN.:.: denote-:s ,,)(18-" ttie fO\Jt ava,lable analog inputs. 

UNIT 

V 

u~rr 

V 

V 
V 

y 

"C 

(2) This ~rametar oxpr(lSses ltie full•sC-dl8 rdnge of the ADC ~ahr,g,, No rr1ore ltian VDD + 0.3 V rm.J~t be- appl"9d to ti'ie at1alo~ 1op..ils of 
the device, S& Table 3 rnore mformatlon 

7,4 Thermral fnformation 
ADS1H.11 

THERMAL. METRIC 111 DGS(VSSOP.) R,LIG{X2QFNJ UNIT 
11 !1 PINS 10Flr,S 

R,u,, Junetloo-t04.lmbletll 1t1ermaJ reslStimco 1il2..7 24 5.2 ~cn.1-oJ 
RaJl:ll?l~I uticlion-lo~e ttap)' ermal resisU!llo 67.:2. 69.J •c,w 
R,!.JfL .luooli011- to-buaF":d ttJa.rmal re&isla 11ce. J03.8 17:1!,0 "Cl'N 

'f'..fi Junc·ioo-to-!Qp cln11r;1cteriz:atlM pararn!!!ler 10.2 11, l "C/W 
llf.15 J1.11"1cliOfl-!tHJ1Jtm:.I cho1ra.clerna ion parame-~r ,0,2,1 TTJJ,.S •ctw 
Rruc:ihnl~ urrcllon-tp..case i botmm) 1 orrnal ra"S slani;"B NiA NIA. "C!W 

(1} For rnora 1nbma,tion about tra.o,t1onal and new 1t1arrnal matncs, 688 Iha S~konduGlm".and IC /!'a,:;kage Th~rmaf Merrrcs appl.catian 
raport 

6 

Product Falde• L1nl.S: AOS1113 A.0S1114 ADS1115 

-
-

' 
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Appendix B.3. Electrical Characteristics 

 
  

www.tl.com 
ADS1113, ADS1114, 

~B,o,S••4D -tO,Y lU~!!-r-E11 St::D JA.NUARY ~ul~ 

7 .5 Electrical Characteristics 
At VD11- :i V, daia rate - a SF'S, and II _icql0 inpu voltage nge r-sR)- 2.,0 S V UJ11e-~ ~he:rw\s noted), 
M Bldmum.and mi nlmUrtl .spooAcalions ;;11;ipl1 frrmTI if11 - -4o~c to +12YC. Typ,caLsµeoifice\loos ate :al T,r,, - 2.5•c. 

P~IMMEU:R TEST CONPmDJ!,15 MIN ifVP M~ W-~lif 
ANALOG INJ•UT 

fSR. :., .±fi.144 vii• 10 

Common-mucl~ ,npul impedance 
~sR ; -tit.\i96 vrn, PSR =-i:-Z,fl<ffl V 6 MO 
FS~ ±f .624 I/ ] 

FSR ; ±[l512V. IFSR ; ±Q.:281:iV 1()[1 

'"SR - Hl.1 ~.; vni "22 
ifSR: "' i, .0911 V111 Hi 

Dl,~re-nt,al nrut 1mpeda11re 
Ml~ 

r S~ = !i:-2 048 V .9 
1!'.SJ;i. ~!±1 ,0211 I/ 2.4 
FSR. 4a ±l'l..512 V. ±.0'.25:5 V 7"10 k,J 

SYsraM PERFORMANCE 
R1mil'ulicm (no 111~ssif!g coa~s) 16 Blm. 

DR Dm.ifclttl- B, ;,6, .32, li'l, 12:i, 250, ll75, 1!!6{J SPS 

Dala ra~ Alt i;tata ~al'es - 111% 1a~. 
oumutnoio;i., See, Noise Pc1formancc s, lllitin 

INL lfllle ral nor1lmearU DR = SP.S-, FSR = :ti. a vt~· 1 El --
Olhet error 

FSFl = ±2.0,u; V, dlft'er~ri~al lt1f)Lil'!- - ;! 11 3 
LSB 

FSFl -=- ±2 048 V, .sir;ig,1e,.filldBd ir1pJ.CID i3 
0 set rlri l'I ~yer (efllJ)Sralllre FSR = :l:2,04& I/ t:LCJD5 L9Bt'C 

Long tc, tn O rt&ct {l nft FSR "'- J.2.~,11 V, TA"' 125'C.. t1 L3B 1ml0 h~ 
O"f!l.cl l:i'Wf:...,,,,;1 ppl rejeGlion FSR =±2,04il V, 0 ~upply Vli!natlan 1 SBN 
0-flst:!'.I ~lnmm;I match MaMi liio!l.weeo ~niy wo 11 1pt.1ls J LB.~ 
G~ltl r-r,-01f:II FSR. ±2,048,"V, T1; - ,i-5" C 0.0, % 0.15% 

FSR 7 

~m dtlft oyer t@'mperatul'ft1~t FSR "'- ±2.0.taV E 40 ~~m/'C 
FSR - ±Ei,144 v111 

Long-tetm gain driil 1 I FSR "'±2.~a v , ,,. 12Sc 
iOOO tm; ±0 D5 ,. 

Gaif\ p[Mef...supf)b• rn)OOlfon BO pl)lm/V 

11 mii~1'1 13' Maleh llelween i;m~ WfJ .:.l•r 0 ,02 {i.1% I 
13.;i.n Gha!'lnel rriil fnh Match bo~we1m at1~ two 1nj1i.JIS Ml§'¼ 0.1% 

At DC-, FSR - ±0,2&6 V '1 05 
Ai DC, FSR 2.Cl4 \J 100 

OMRR Corn mo1 ,-moe!~ tcJcctJoo rat1u Al DC, F.SR ::e :16.144, vn , .90 dB 

Foo =- 60 Hz. DR = ll S PS. 705 
Hz, DR=ll SPS 10/ii 

0IGI.TAl INPUTIOUTPU'f 
V1 lgh..te~el ln,:iul vollage I Tl,TVDD 5.S V 
¥Jl t:OIIHG~91' mp ~·oll~!UJ& 

. 
I ND ti. 

VDL l ow..,!avel gllq:JtJr ~o11age lbL - 3 mA GNU 0 16 ,u V. 
IH!illl r811~ 8 cl,Jrren! GNO < \/0 ,~ <' VOO . - 1 0 10 IJH 

(1) Ttiu, p,R1rameter expresses tile ,Ull-~cale r811ge of ltle ADC scaling. No more lha11 VOD + 0.3 V rnust be applied lo tile 8Mlog i111)1.lh, of 
the Qev1oe. See T Ille 'l more inlorma-t.1011 

(.2} ~-Iii IN L, i;:1;wer!i 99% cf fulHie8le 
(J} lriclutle~ all error~ frorn 011bo1;1rd PGA ar,tl reference. 

Product Falde· L,n .. s; AOS11 13 ADS1114 ADSi 1 t5 
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.,. lE.XAS 
-V {iNSTRUMENTS 

AOS1113, ADS1114, AOS1115 
SE!M--1440-MAY ~009-RE:VISl;D .lANUARi' w1a www_tLcom 

Electrical Characteristic$ (.continued) 

At VDD = 3.3 V, dala rale = 8 SPS, and full-.scale input voltage range (FSR~ = ±2 048 V (unless otherwise noted) 
Maximum and minimum speclflcalions apply trom TA= -40"C t.o +1 25"C. Typical specifications are at TA= 25•c. 

PARAMETER TEST CONDITIONS MIN TYP MAX 
?OWER-SUPPL 't 

T,r,, - 25"C 0.5 2 
Fower-tlCIWll 

5 
lvr.,1> Supply currat1l 

T,....,,2-s•c 150 200 
Operating 

300 
\.IOD = 5.0 V 0.9 

PD Power d 1ss1pation VDD = 3.3 V 0.5 
VDD = :2.0 V 0.3 

.d VDD 2 - V over opera11ng ambient temperature range an _ = .0 ,o 5.5 V (un ~ss o 1h eirwise note _ d} 
FAST MOOE Hl'GH.SPESD .MODE 

MIN MAX MIN MAX 
rset. SCL olock rrequancy Cl.01 0.4 ['.i.(11 3.4 

tslJf Bus free time between START .aoo STOP 600 160 condilion 

''<Hos A 
1-'totd Jim!;' i.!(er rape.-iecd STAR ~Olldition. 
Am;!r thl!5 peril)jj., \he lir5I clock i~ ~n.e.-alea. flQ(l lijD 

½LIST,,\ Sruuj) limo for a ropoatca ST AR.T rofldltloh 600 i60 
½ms,o -5-etup time ror -STOP conditioo soo 100 
'itiDDAT Dal;i lir;ild lltne D 0 

lsLtOAr Oala setup lime 100 10 
11:i.~)\II' LQW ,;renoo or '!_e scl dool< pin 1.300 100 

lt113!-t High poood fot lhtl SCL ciook pin 61)0 M 

tr Ris.-e time for bolh SDA and SCL siQrta1s l11 300 1 16.o l 
Fall time lor bolh SOA aml SCL $19ni11G lt) 31)D 100 

( 1) For hig~r.-d mQQe maxirnurn va!u_ei. the c-!lpar.i tivt' loFld on 01e IJ11:;; li11e rnw;t not exr',e,e<l 40(] pF 
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Appendix B.4. Programming 

 
  

AOS111'3, ADS1114, ADS1'115 
SBA.-S4440-MA Y ;mog -RE:VISI; D JANIUAR,Y 20, a 

9.5 Pr,ogramming 

'9.5.1 I12c Interface 

www.tl.com 

The ADSH 1Ix communicate through an 1i c iritertace. 12c ls a two-wire opeIr1 -drnlr1 interface thal .s\Jpports mulUple 
devices and masters on a single bus. Devices on the 120 bus only drive ,the bu,s, lh. es low by connecting them to 
ground; the devices never drive the bus llines high. 1:nstead. the bus wires are pulled high by pulllup resistors, so 
U1e bus wires are always, 17,lgh when no device is driving them low. As a result of this configuration, two devices 
csnnot conflict. If two devices drive the bus .simuUaneously, there is rio driver contention. 
Communication on the i:ic bus always taikes place between two devices, one acting, as the master and the other 
as the slave. Both the master and slave can read and write, bu! the slave can onJy do so under the djrection of 
the master . Some 12C devices can act as a master or s1lave, but the A0$111 x can onl,y ac,t as a slave devjce. 

An 12G bus consists of two lines; SDA and SC'L ... SDA carries data: SCL 1;rovides the clock, All data are. 
transmitted acr.oss 111e 12c bus in groups o:f eight bits. To sel"ld a bit on the 11 C bus, drive ~he SDA lh1e to the 
appropriat-e level while $CL is tow (a low on SDA indicates the bit is zero; a high ind icates the bit is one). After 
the SDA liine, .setlle,s, the SCL line i~ brought high, then low. This pulse on SCL otooks the SDA bit. nto the 
receiver shift register. If the 12c bus rs t~ield idle for' more 'than 25 ms, the bus times out 
The 12C bus is bidirectional:; that is, the SOA line is used for both transmitt i1ng and receiving data. When the 
master reads from a slave. the slave drives !he data line; when the master sends to a slave. the master drives 
tl'le data linie. The master always driv~s the clock line. The ADS111x cannot act as a master: an,d therefore can 
never drh,e SCL. 

Most or the lime ttie bus is fdle; no comrnunicaH011 occurs , and both lines are high. Wheri communicatior, takes 
place, the bus is ae~1ve, Only a master device. cari stM a communication and initiate a START condition o.n the 
bus. Nmrnaliy, the data line is only· allowed to change state while the clock line 1s low. If the data line changes 
state while the ctock ,ilile 1is high, it is either a START -condition or a STOP condfllon .. A START condition occurs 
wh€1n the clock !Jne is hig,h, and the dat.a line goes from high to low. A STOP condition occurs whe,ri the, ctocl< line 
is high, and th-e data I ne goes frnm low to high. 

After the, master issues a START cor,dittcm. tlie mast.er sends a byte that :Indicates with which slave device to 
communicate. Thts, byte is caHed the address byte. Each device on an 12C b1,1s ha·s a unique 7-bit add(eSs to 
which it r-esponds. The master sends an address in the address byte, together with a bi,t that indicates whether 
U1e master wlshes lo read f.-0111 or write to the srave devrce. 
Every byte {address and data) transmitted Oil lhe 12-C bus is acknowledged with an acknowledge bit. When the 
master finishes sending a byte (eight data bits} io a slave, the master stop,s dri,v,ing SIDA and waits for the slave 
t.o ackriowl,edge the byte. The slave acknowledges t11e byt-e. by pulling SDA low., The maste.r then sands a clock 
pulse to clock the acknowledge bit Similar y, when the master completes reading a byte., the master pulls SDA 
low to acknowledge this oompletion to the slave. The master 1hen sends a dock pu lse to clock tlhe bit The 
master a1liways drives ~he dock line. 
ff a device is not present on the bus. and the master attempts to address it, H receives a not-aaknDwledge 
because no device is present at that address to pull the l:ine low .. A not-acknowledge is performed by simply 
leavir,g SDA. hi-gl'l during ar, acknowl'edge cycle. 
When the master has finished communfoatingi with a slave. it may is.sue a STOP condition. When a STOP 
condition ls issued, the bus become,s idle again. The master may also issue another START condition. When a 
START condition fs issued while tti,e bus is activ,e, ii, is called a repeated sta1rt cori<Jition. 
The· Timing Requirements section shows a timing diagram for the ADS111x 12C communication. 

22 
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·• IEXAS -y INSTRUMENTS 
ADS1113,ADS1114, ADS1"115 

SB.,,o,S~~4D' - ~.-. Y ,id09-R!;V!$i;:0 JAN UAflY 20·1 B 

Programming (conttnued) 
9•.5. t 1 /2C Address Sel'ection 

The ADS1i 1x h&V,e one address phi, AODR, that configures the 12c addre.ss -of tne de\1ice. This pin •can be 
connected to GND, VDD, SDA, or SCL, allowing for fom differ·ent addresses to be selected with one pin, as 
shown 111 Table 4. The st.ate of address pin ADDR is sampled continuously. Use the, GND, VDO .arid SCL 
addres$eS first. If SDA is osed as the devioe address,, hold the SDA liine low for at least 100 ns ane~ llie SCL nne 
goes 1low to make sure the dev;ice decodes the- address oorrecOy during 12C communication. 

Talbfo 4. ADDR Pin Connection and Corresponding, Slave Address 
ADDR P,IN CONNECTION SLAVE ADDRESS 

GND 1001000 
VOD 1001 00 1 
SDA 1001010 
SCL ,001011 

9. 5. 1.2 ,~c General Call 

The ADS1111 x respond to the 12C general can address {0000000} ,if the eighth bit is 0, The devices acknowledge 
the general -call address and respond to commands in the second byte. If tile s·econ d byte is 000001 ~10 (06h} _ the 
ADS 1111 x reset tl'l e internal reg sler:6 ,a lid enter a power-dowo sta~e. 

9.5. 1.3 t1.c Speed Modes' 
The 11c b:us operates at one of three speeds. St'1n,darq mode allows a clock frequency ot up to 1 oo kHz: fast 
mode permils a clock frequency of up to 400 kHz; and high-spe.ed mode (atso called Hs mode) alll:ows a clock 
frequency of up to 3.4 MHz. The ADS111 x are fully compatible wiU. all three modes. 

No special action 1is required to use the ADS1111x 111 standard o fasl mode, but high-speed mode must tie 
activated. To activate hi,gh-speed mode. se.nd a special! address by~e o,f 0OOO1xxx following the ST ART condition, 
where ,rxx are bits un1ique lo lh_e Hs--capable master. Th1s byte is called the Hs master code , and is different trom 
normal address bytes : the eigh1h bil does not inclfcate tead/wr i,le status_ The ADS111 x do not acknowledge th Ts 
byte: the 12C specification prohibits acknowledgment of the H.s master code. Upon receivir1,g a master code, the 
ADS 11 b switch on Hs mode filt,en;, afld communicate at up to 3.4 MHz. The ADSt 1 . .x switch out of Hs mode 
with the next STOP condition. 

For more information on h1igh-speed mode, consult the 12C specification. 

9.6. Z Slave M•ode Operaitiions 

The ADS1111x act as slave receivtns or slave transmitters,. The ADSH 1x canriot drive the SCL line as slave 
devices. 

9. 5. 2.1 R•eceJve M,ode 

In slave receive mode, the- first byte tra11smltled from the master to lhe slave consists of ~he 7 bit deviice address 
followed by a low Riw bit. The next byte transmitted by the master is the Address Pointer mgister. The ADS 111 x 
lhen ,acknowi,adg:e receipt of lhe Address Pointer ,egis1e,r byte. Ttle next two bytes are wr:itten t,o the ~dd1res,s 
given by the registe,r address pointer bits, IP[1 :OJ. The ADS 111 x acknowledge ea,c-h byte: sent Registeir bytes are 
sent w,ith the most sign1ficaflt byte, first, followed by the least significant byte. 

9..5.2.2 Transmit Mode 
ln~ave lramsm1t mode, lhe first :byle transmitted by the master is the 7-bil slave addr1:ess followed by the high 
RtW bit This byt•e places the sl~ve into t r~nsmjt mocje a1nd indicates tha,t the ADS111:,:: are being re.ad from. The 
next byte transmitted by U,e slave is the most significant byte of the regist,er that is indicated by the rng,ister 
address pointe r b i1s, P[1 :OJ. This byte is folilowed by an acknowledgment from the master. The remaining least 
srgniJicant byte is then sent by lt,e slave and is followed by an acknowle<l1gment from lhe master. The master 
may terminate transmission after any byte by not acknowledging or issuing a ST ART or STOP condition. 

Submit Doailmantatlon Feed.bat./< 2J 
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Appendix B.5. Connecting Multiple I2C Devices 

 
  

AOS111i3, .ADS1114, ADS1'115 
SBM4440-MA Y ioog -RE:VISI; D JANIUAR,Y 20, a 

Appllication Information {continued) 
10.1.6 Gc>nne,cttng ,Multi,p,le Devices 

www.tl.com 

It is possible to connect up to fo1Jr ADS1' 11x devices to a :fngle 12C b1Js 1Js1og different addr,ess pin con'Ggurations 
for each devfoe. Use the address pin to set the ADS111.x to one of four different 12C addresses. Use the GND, 
VDD and SC'L addr~sses first If SDA is used as ltie device address, hold the S'DA line low for at leasi 10O ns 
afl:er the SCL Hne, goes low t,o make suire the device decodes the address oorrectly durmg f c comm1.1hication. An 
example .showing four ADS111x devices on -~he same 12C bus is shown in Figure 42, One set ot pullup resistors 
is r-eQuired per bus. The pullup resistor values may need to be lowered to com(Jensate, for the additional bus 
Ci pacitance presented by mu1ltiple devi,ces and i1ncreased line length. 

HOl>o_l lr<.1WPi 
l'C Pell•p i:<, .. 1crs 1/IlG 

l,ll(rnoonrr~I~· ~ 
Plt~~t"t r 
¼i1h t° C. P<irr 

NOTE. ADS111JC l)Oll"ilt ani:t inpul connections om1tlect for clar,ily . The AODR ,pu'I sele<:ts lhe 12C illclc:lress. 

F1igur,e 42. Connecting Multiple ADS1 11 x Devices 
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Appendix B.6. Description of Differential Comparator Function 

 
 

  

-..Jill IEXAS 
°'Y INSffiLJMENTS 

9.3 Feature Des,criptio'n 

'9.3.1 Multiplex.er 

ADSt 113, AD S11 14, ADS1 115 
S'BAS••4D' - ~ .-. Y ~009- R:l::Vi$!;0 JAN UA.~Y 2,0 '1 B 

The ADS1115 cor1ta1ins an inpul nu.dtip1ex,er (MUX}. as shown in Figure 25. Either four sirigle-erided or two 
differential signars can be measured, Additionally, ATNO and AIN'I may be me,asured differentially t,o A.IN3. The 
multiplexer 1s e-onfigured by bits MUX[2:0J in Ule Config. register. When singile-ended sig:nals are measured, the 
negative input of the ADC is internally connected to GND by a sWitch with in the multiple'.Xer. 

AOSfH5 

---..-1"./INp 
AINN 

\-C.~. 
GN,O 

GND, 

c~~i,gtil 1!;12016 Te.11~s 1n:s1ru,11eols l•lo(:Ot,por31ea 

Figure· 25. Input MulUph:ixer 

The ADS 1113 and ADS 1114 do riot have an inp ul multiplexer and can measure eHher one dirf erential signa I or 
one slng1l'e-ended signal. For singile-ended measurements, connect ~he AIN1 pin to GNID, externally. In 
subsequent sect•iO!'IS of this data sheet, AIN,p refers 10 AINO and AINN refers lo AIN1 for the ADS1113 arid 
AIDS111I4. 

Electrostatic discharge (ESD} diiodes connected to VDD and GND protect the ADS111x analog inputs. Keep the, 
absal ute v-oltag e: of any i1nput within lhe range shown in Equa1ion 3 to prevent the Es D diodes from turning on. 

GND - 0.3 V < V1Ait,ix) < VDD + 0.3 V (3} 

If the voltages on the input pins can potentially violate these co-l"lditio1rs . use external Schottky diodes and series 
resistors to limit the input current to safe values ( see the Absolute Maximum Ratings table). 

Submit DoaumAntat/on Feedback 15 
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Appendix C. Dynamometer Plots 
 

 
Figure 46: Purdue Dynamometer Reading, 2012 [11] 

20.00 

1&00 • •. - •••• - •" • •-. • • • • • • • • • • • • • • • •• • • • • • - I 

' . ' 16.00 .... . ... .......... ····· .... · 1 
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Test Summary .and Comments for: PURDUE021812-19 #1 
Operator: ROBERT 1: 56 pm 02/18/2012 
Eng#: Corr. To: 29.92/60 dry 
Customer; Peterson Corr. Facior 1.041 

PURDUE BAJA (2000-4200 gov) RUN #5 
-

l'est Summary and Comments tor; PURDUE021812-18 #1 
Operator: ROBERT 1 :30 pm 02/18/2012 
Eng #: Corr. To: 29. 92/60 dry 
Customer. Peterson Corr. Factor 1.040 

PURDUE BAJ A (2000~3600 gov} RUN #4 

r; ~t Summany and' Comments fo r. PURDUE0,21812- 17 # 1 
Operator: ROBERT 1 :27 pm 02/10/2012 
E:ing JI. Corr To: 29.92/GO dry 
Customer: Peterson Corr. Factor 1.040 

1 PURDUE_ BAJA :2000-3800 , ov · RUN #3 
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' ' ' ' ' ' i i 

3750 4000 4250 

PkTq: 19-. 76 @ 2·400 
flkHP: 11 .28 @ 3800 
12.54 cid 4 Cycle 

PkTQ: 19.89@ 2300 
P'kH P: 10.63 @ 3300 
12'.54 Cid -4 Cycle 

Pk q: 19.90@ 2400 
PkHP. 10.56@ 3400 
·1 2 .54 c"i di 4 Cycle 

RPM 
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2.437'' Stmke 
1 Cyrnders 

2.56'' Bore 
2.4371

' Stmke 
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1 Cylinders 
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Figure 47: University of Arkansas Dynamometer Readings, 2012 [12] 
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Figure 48: RIT Dynamometer Results [1] 

  

Torque/HP Y.1, RPM. Blue · Engine A, Red · Engine B. Awrging ONI 

--Max. Torque of Engine A@ 15,8545 lb-ft, 2718 RPM 
--Max. HP of Englne A@ 9.1063 hp, 3336 RPM 
-- Max. Torque of Engine B@ 15.5174 lb-ft, 2826 RPM 
--Max. HP of Englne 8@ 9.1082 hp, 3598 RPM 

2 

O 1800 2000 2200 2400, 2600 2800 3000 3200 3400 3600 3800 4000 
RPM 
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Appendix D. ICM-20601 Data Sheets 

 

Appendix D.1. Guide to Interfacing with ICM-20601 Breakout Board 

The ICM-20601 uses standard I2C protocol, with a device address of 0x68. Use the 
following steps to interface with the board through the Arduino IDE. An example can be 
found in the file Multiple_Data_String_Bluetooth_Test.ino on the BCIT Racing GitHub.  

Pin 20: SCL clock signal 
Pin 22: SDA primary data line 

 

1. Open I2C bus, set clock speed to 400000. 
2. Ping ICM at 0x68, i.e.:   

 
Wire.beginTransmission(0x68);   
 

3. Choose the register you wish to interface with. For example, to write to the gyro 
command register at 0x1B: 
 

Wire.write(byte(0x1B)); 
 

4. You now have selected the device, and the register of interest. Now, you can either 
read from or write to that register address. If we want to set the gyro to 4000 dps, 
we have to write to the configuration register, seen below in Appendix D.2. In this 
case, to select 4000 dps without selecting any other options, we want to write the 
binary value 00011000. Note that bit zero is on the right, bit 7 is on the left. This is 
equivalent to the hex value 0x18, so we command: 
 

Wire.write(byte(0x18));  
 

5. Close the communication stream to send/receive the data: 
 

Wire.endTransmission(); 

  



55 
 

Appendix D.2. Gyroscope Configuration 

 
 

8.1 REGISTER 27 - GV OSCO PE CON FIGURA ON 

:e,gister N me: GYRO, ·CONFIIG 
:egi:ster Typ -; READ/WRITE 
'egner Add'Je -s: 27 fOeci1mal); 18 (Hex) 

11T NAME FUNOION 
[7]1 XG ST X Gvro self-test 
[6]1 VG s:T Y Gyro self-test 
[Sll ZG ST z Gllf'O self-test 

Gy oF II Seal S I 
OO - !SOO p 

[41:J) FS_SE 1:0) 01 = _1000 dp,s 
10 = _2000 dps 
11 = ±4000 dps 

[2]1 - Reserved 

; 

[1:0) FCM:OICE B[.1:0] Used 10 bypass DlPF as shown In table 1 above. 
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Appendix D.3. Low-Power Mode Configuration 

 
 

 

8.J4 ftEGISTEll30 - tOW POWER:MODtCO"R6UDI\TlON 
lleglnor Namet LP _MOD!'..J:FG 
lltl"gi<tor Typo, REAO/WRll'f. 
R<>glstor Addro,s: ;J0 (OC!dmal!; 1E IH"1<J .. , - •ilNt:nnol 

l7t G'(~O CVaf Wti~r '.scl fp '.1' low~powcr tfreiScbpt.' mode i.s c'tfabtcd, Ocfoule ~eu11~ 1! 'Lt'-
(&:41 Q..AI/Gcrc.12,01 'l11\lora$01\R nltct l()n•figuratibn ft,r'low-pow.es- gy~st ·ope mode. OetaUlt 

.:.tilll•1i; h.'000' 

.S.cl~ me flt!qtJo-,,tyol wa';!ng "P the chfp m \akea-sample ohlc:cehtasa 
Uit' 1r.w OOWCi '''riJ'utptJ1 o.ui Rate: 

OQS(_QIISQ. ---JIiii 
' O o,. 

l QA~ 

1 o,,.; .,, us 
• l ui 

ru1 U'Jl11r_E!Ma s 1',Hl. 

• 15.63 
I' !Ll!i 

1' t,,tSO 

' " m 
I _Jj) 250 

u ,_ 
lHS Re-.~l'YIS1 

To opera, e in gyroscope tow-power mode o, 6-awis lnw.:powe< mode.,. GYRO_ cvru 'Should be set tD '1 1 Gyro!imp~ rn, er 
cuofigurallon is determlned by G_A\/GCfli{2:0J lhot ,oi:s the·over.iging filter<onOguration. ltis not depend•nt on DUI[ _CTGl2:UJ. 

Thtt foUoWing tabJe stiows_?.ome- P..Xarruile-connguratlort., 'forgyrnscope lbw rwwP.1' mode-

FCHOICE_0 0 0 .0 0 D I 0 a L 0 
G_ AVGCT6 0 1 2 3 4 T 5 6 1 
Av~p,es 1' Z• .. "" 16< I j)_'!" <I<• ll9k 
To·n lmsl 1.13 U3 3.'23 5iB ~.13, 17.23 3'3c.B 65.13 

Noiw OW(111.1 650.8 A07,I ll~.2 U7-~ 00.i! 30.t. 156 6.0 
3•dB BW(Hl) G22 391 211 1ca st 27 14 1 

SMrLRT .J)IV ODR IH>J 
i.55 lS VaOd VOlid V3lld V•l{d :llolld valid VaUd volld 
~9 10.0 Valid Valk! Va6d ~hlid Y-aiid Yalid VaJid Val.i""d 
66 ~.z Valki Valid V.1lid V.ahd V~lld 1/illld V'11i(l 

64 \'S.4 Valid Valid Vatid Valid Valid Valid Valid 
,9 15.0 Valtd V,1lid V,ilid Vi1Jid , V,1flri Valid Vi\llf1 
3l 29.C Valid Valiid Valid Vaiid, Vallo VaUd 
31 30.J Valid V:.llcl VJr.id V~JU 1/olfd 
19 50.0 V.alid VaJ;d Valid V.ahd' Vahd 
17 55.~ ½ lid Vl'llirl \/;,rid 'vi1hf1 \/and 
16 58.8 Valld V311d Volld V.lld 

9 IIXl.0 V•lld V•lkl V.1IJd Votld 
lt lll.l V•lld Valid V~licf 
7 115.0 Valid Valid 
4 200.JI volld Vi>lld 
3 lSJl.0 V<>lid Valid 
2 333.3 ValK:t 
l 500.0 V.alid 
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Appendix D.4. Register Map 

NOTE: Echo registers 66 through 72 to obtain gyroscope data. See Appendix D.1.  

 

7 REGISTER MAP 
The following table li!">t:!. the regi5ter map for the ICM-20601. 

r , ~, I AIJ.rttiN.al"IU li!m I 11,1 anl6 •n~ 111<-t 11,~ 11,2 l,!l 1,,0 
iit"I ll!'l!!<JI T/f. Jln,l.iuio II 

CD llil .:iUP_mr_ G,l'il IJf!JN N t..Jl_lM l i\1"61 

ru SEU' fESl" li'IRD Ill>~ N c.Srn:.r'ft(;n) 
--

!1£ SELF _fEIT _1_li'IRiJ iH /W N I ..Df 

oa 13 SEL.f_TtSf" __ Atl'".f !l,IIP N 

l.'F 1 IJi_Tf',T_'Jleul. ll!IW Yo\._<;r_n, ,f,f1,!JI 

II• lli mr_Tt;.ST_iJ,tm ~w N v\._'il"_l l il,ff,f7AJI 

:ll !!I _Of'lb_l!l!fl]I illW II ,o:__(l~l~_U~H L:1~,!if 

J4- ro XG Uslll. 11/W II l" lf;{II 

:E ~1 l'G_or rs_U5RH 11/W II 'f_OFFS_ 151!\jl :l:!11 

!lo , I ~-il i._USffl 'P./W N .,,_OFFU1 IH:lj 

,1 l! I rn_Ofl5_1J.SnM ~Ill N u,,n.J.19; i1 s·~1 
J H !G,.Jii-i!Ui.SAI. !fl/w tl 2...,1. ~i...! ,,,i,+ 
J9 2!, !IMPUI I 1:!l'I ll il'I' N _g MPl<;l~l'l.111 

l"' 1'G CGl'IFIG P./W 
ll fll'll 

EXT~~ !.ULZ,Df Cl~~ CFGf2:DI r,m01c 
lB 'l:T ;J/W N llG_ST ~c;-~g i!li_!iT !i_n!.JL•[V ' ,~ltE_B!J.:!IF . 
~c :z.s 111,CCEL_OJIN - R/!1/ ri X/l_>l ti4_sr lA_fl 

1l'l ,Of"CFI_O:-Ot.lFIC,? •111.1 t.l DF~~_(lv 
o!,(CFI.J'CHi:11 ot_mn_~F(i 

CE_ l! 

!E .!(j Lf_MOllE_CF5 f;/W N vfll)Q_C/Cll 
5_,'.VGCFoGf2•01 Lroso::_CLIGEL 

Jr :! 'I I.Cl::! _ Nnr,,_To~ iit/\11 N wnr•t.Jt1R17.11l 

n Flf('_H, •1w t.l 
I •(._flf('l_fr< ,s,;,_F f()_fN ;'C_F1FC'I_Ft• . - • Jff{)_ 

I - lo.I 

'II, "4 f'1'/ri _lllf" R;lf" ,. Fsvric._1flr I 
'.j,"1 INT_rlN_C"FIS •111.1 11'4,T_tAJFI INT_O~F~ 

L~,TI"I< ltiTft('o fl~N(_IIIT_L 1.a OOF_ -IMT_Et.l a.r~II EVFL - -.1'4 

fUO GIJRIVE_INT _ 
J,S !,5 11/T_ENA.!1.E r.1w 'I.IOM_INT_EN 1 5 _ llfl!lw' 

!I'< 
EN Ni!EN 

fr,£J 
1DA.TA 3"' s.! INT ff"'TU~ r,/c M .VIJM INTf7 ~I UFLO'W liD~I~ IN,T 

_1tH _J':Dr.JNT 

3l!l .!,!I ,v:al.jGLtT_H R tl M:J.:l;L_(DUTJ1IJ-":.nl 

3C di .oa:a_.~oor_1- R tl ,\CtEL_:JiDLn. Llt. ':l f 

3[1 ml AC<;H_VCl.ff_>t A fl ,!,ITEL_j,\l] lfT_ t1I i-111 

ni MC UtlUf_l R fj ',(m__ UT_ Li r.«11 

!T ii ol.«tUWUI R ,. oloO::El.._ll.,llJT_!lll.!1'1.1 

41J /1(:(H._Rll.H_J_ H r• ,\,~!LJtlUT_L[10j 

4:1 M ,tt-~~ ooJr " H ll ff(-o, p olJ1ll S::l\l 

~2 95 I ,IMP OOf A IJ lill!I' Oln17.ll'j 

!i, 
f;Vl!I} A IJ Grl!C_MOl.m I ~.~1 

H . bo I IJ~liri_)IOIJT_l R Iii m'IICL~ illl'fl·Ol 
'!I!! t.llln.L'IO.: _•I n N (l~qil,jLJU1l~:l!l 

'It! tmm_wlJt_L :II N m_ rDIIT[l:Di 

j 7 T.l 1mm._21Jt..-.Ji Jl N B1ilD_ lDUTl]..5!ll[ 

- 12 Jl N GVIICl_m.JTJ.'1!Dj 

f..- J04 ~16tlolt_P,.,TH_•rlET •1w t.l I "cm n.r;1r 
J _ !157 -Rs; 

Jo<; A(Cfl_ltHn_c= 11/W t.l 
Q'.fl_lfllF !!p:R_l!fll'l 

L_:ll. -
i ... JOE, us~n c.= r.1w t.l FIRl_~tl 

1,1:_fF ffflli 

J 
s 1c;-_1:<m ri a 

_RSr -R5i 

66 JD'T ,wn MGP..fT_l r.1w 'f" 
[li\lJJtE_ITil 

:il.EEf- ...CCEL_CT[LE u¥RQ_ 
CU:SEU•(lf Er SiAfHJ 



58 
 

 
 

  

I .... ,.,,.., ffll;t! ...... ... 
ttldlt iD,s,t •~•w~e '" 

,~,1, ... "" 
_, .. 

''" ,,u b .. b•u "" :i..-. .. 

I 
. I 

' 
I 

"' , .. "'Wil.MCiMf_~ alw V ricQ__IIIJII lll"u,\ 'ITIIY_IA nnUA ITl'(t_,:G ffll\'..)'6" 'i111YJ~ 

" JII 11RL~•M'fl • • ;1ro.:f"PUN'fflUl 
'J "' 1Yt,..J,J l1111ll • " 1 .. 11_.,.0l!M'f'r.!11 
,, ,,. t!l-i!Ll\ .. \,V f!/ W " 1•Ctul11 A.l1.'Di 

" llT W!-.Q .1 .. ,_. • " ,..,,Q.~f.:1)1 

TT ll9 t,L_.:1'1S.n_- .,., " •ol . Mf"i l/<l.71 .. ''" ,,., o,rq.r , "'W " _,.,, r"'' "'l<l'II I 
'• ill ,',I _JJt oVtjl 11/W, " f ,li...Dft•ll•W 

•• m ,,._C,,!• u illW, " ''•JJH :!()QI 

'" I.le t.t•••~' II <IW • t.tJ Ot~fl~ff 

" u, "2/, or;P.xTl "'"' ,, :U.. .Jn!!il.QI 

In the Qetailed register 1ablc,s £hat follow, register names •re. In t.1pital le tters, whll•! regiill'f values are in capital latters and 
ltallCl!eQ, Fo, e>ta:mple, the ACCEll..,XOUT_H register (llegl$1er 59) contains the 8 mo~; slgnlntalft Olts, ACCEL_XOUT\1S:8], Of the JG-
bl! X-A~ls acceler<>meter measurement, ACCEl.J(OUT. 

The reset salue Is OxOO for all regislers other than the reglstere below, also t he sell•test registers comain pre ,pmgrammo,d values 
a11d will nol be 0x00 • fter reset . 

• Register l07 !0x40) l'ower Manaeemenr 1 
• Heglste1 1 17 (0xAC) WHQ_AM_r 



Appendix E. BCIT Racing Request for Proposal 

BCIT RACINGII[ 
Request for Proposals 
Remote Torque and RPM Data Logger 

Project Managers: Jeremiah Moreno 'RLISS Case 

Telephone: 

RFPNumber: 1 

Issue date: October 17, 2018 

Closing Time: Proposals must be received before 4:00 PM, Octobet· 26, 2018. 

OELIVE~V OF PROPOSAL$ 

Proposals must be submitted using orie of the submission methods below. 

Email Submission: Project proponent, may submit electronic proposals by email. Emailed proposals 
must be submitted to procurement@bdtracing.com. 

Hard Copy Submission: Proposals submitted by hard copy must be delivered to: 

BCIT Racing Procurement 
3700 Willingdon Avenue 

Burnaby, B.C. Canada, VSG 3H2 

Regardless of submission method, proposals must be received l:}efore Closing Time to be considered. 

SUMMARY 

BCIT Racing is in the process of prototyping and testing ari off-road race vehicle, with the intention of 
finalizing the design process and beginning a limited production run of 4,000 Lmits no later than 
Summer, 2020. 

To achieve this goal while maintaining stringent performance and reliability standards, the vehicle 
design team requires testing of dynamic drivetrain load conditions - specifically, peak torque and power 
loads at the drive axles, These peak loads generally occur when the vehicle is being driven iri race-like 
conclitions, and so a need has beeri identified for the development of a robust and compact torque and 
RPM sensor, with remote data transmission capabilities. 

As BCIT Racing's engineet·s are not specialists in the field of telemetry and data acquisition, the project 
team has elected to outsource the design of this torque sensor, and will be accepting proposals for the 
development of a working prototype. 
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JI BCIT RACING Ill 
PROJECT SCOPE ANO REQUIREMENTS 

The Data Logger design team will be responsible for conducting relevant research and planning, 
generating/presenting concepts, identifying required components, and creating a functional prototype. 

The following baseline design parameters will be met: 

• Must measure axle torque and rotation speed 
• Must be removable with minimal effort, i .e., under 10 minutes 
• Components must be contained in a watertight housing 
• Must be calibrated to make accurate measurements upon delivery 
• Must permit normal vehicle operation when installed 
• Must transmit and store data for later analysis 

TIM HINE ANO KEY OATES 

Proposal submission deadline: 
Design concept review: 
Design a pp rova I: 
Prototype completion: 

BUDGET 

October 26, 2018 
November 13, 2018 
December 18, 2018 
May 6, 2019 

A budget has not been defined for this project. However, proposed costs should be included in proposal 
bids, and will be used as a selection criterion. A per-unit cost of less than $1000 should be targeted. 

PROPOSAL FORMAT 

l'roject proposals should include the following: 

• Short summary of key features/aspects of the proposal 
• Breakdown and description of the proposed components 
• Rough cost estimate, accounting for major off-the-shelf components 
• Estimated project timeline 

EVALUATION CRITERIA 

Evaluation of proposals will be by a committee of BCIT Racing design engineers. Proposals will be scored 
based on design robustness and potential ease of use. Robust designs will receive higher scores, 
however total system weight should be reduced to a minimum. Controlled costs and realistic timeline 
estimates will also be taken into consideration. 
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Appendix F. Strain Gauge Application Guide 

 
  

M IICRO : rvu s Rf e·~s Instruction Bulletin B-127 
"li?O lllcl'lli: 

Strain Gage lnstaUations, with M, .. Bond 200 Adhesive, 

INTRODUCTION 
Mieroafii1ea5,uremen!s Certified M-fund zoo is 8Jl 
ext:etlent gem~ral-p1irpose !aboralllry .adhes ve hec1:u.1se o 
iii,. f.tff l rooirn-l.e;n;lp1m~1ure cure ,md eas1;: ol a p~lloation_ 
Whoo property haflldl'ed .ind used wilh the ap;propriatc 
stmrn gage, M Bond 200 can bo Usi;ti::l for' high dmilgatioo 
tes~ ·ill excess of 60 000 mi~mstraln. for fatigue studies. 
an.d lor one-cycle proof lests to over t200 ",F [+95 "CJ or 
bel'OW ~Oil ~r;: I-l85"CJ, The normr11 ope,~1Jrig 
terupe1awre range Js -25:1 iO +1:SO''F [-00" to.+B5"C] Ms 
Bi,nd 000 If;: oompaiilllq w1ih all MlcJo-Me.a.sul'!elfflsnl~ 
slr::iio gai:i~.s and 01osl commo11 slroctur;ill malt."/f.ils, 
When bonding to plastics:, it shoufd be noted that tor b~st 
Jlelformam;e IITe adl:Tesire flowoul should be, kepi lo .i; 
m inimum. For bes! reliabirly, 1t snooldl be applied lo 
!i1.1rf; ces. elween 1tte te~per lure~ of +10• arid +a5~F 
(+20~ 1.(1 +30"01, an;{! iri a rela~iv,e humfdily eovi!'Q<11ment of 
30% 1065%. 

M-Bcmd 2-00 cataly~t has been speciaJfy formul,ited It! 
control lhe m.toli'-.rily tale of !his adhesiV,e. Th@ e.;i~lf s,t 
shO\!ldl bR 1.is-ed span :gly rort,est rtsHIIS . E1C."CQSS1VoR 
catalyst car, cMtrib1Jte ,many problsrns~ -e.g .. poor boind 
slrength. age-embrittlem ~nt of tho .idhesive. poor glt.Jelinc 
to1okn ess oolillrd . e:lle11ded ,s.ohreni -evaporation :lime 
r-equirerrie~•s. el.c. 

S111,ce M-Borid 200 t>om±s al'e weake,1eo l>y exposure to 
h gh h1jmidity,, adequa'I prote-ctf,.,JJ t:-D<'l'tings am esseoffal , 
Th s adheswc will gradually bccomo harder Md mom 
briiQe with tim.e. purticul.irly if e!!pl)·sed lo ,elev.:ite..d 
ternpernture5. for these rea5oflS, M•Bond 200 is not 
gene1ally r,ecomme'1decl l'or i l'lsta!Jalions exceeding one m 
1\1/0 years 

F'i:11" pr,;;,per resulls,, 1trie procedures and lechniques 
presented here ,smuld be use,d wilh qLJaified Micro-
Measuremems 'inslallaOon accessory ,products , Those. 
used io this procedure are: 

-C M Degreaser or GC-6 isopropyr A~hol 
Sillooiil Garb rig Paper 
M•F'rep c,:mdiUo ncf A 
M•Prop f:,.leuirnl~ZQI" SA 
GSP-11 Gauze- Sp.ori9es 
CSP, '1 Cotton App~cator5 
PC:T Gage 1rrsra1la11ori Tap:e 

SHEILF :AND STORAGE UFE 

:M-,Bond 200 adhesive 'has a minimum pol life crf lhf'Cc 
mooth5 .'.JI +75"F [+24 CJ (not to exceed Ille dale ol 
,elll)iralion} .'!fter openfng1 and ·with lhe cap pl'ac.ed back 
onto the bolll'e lmmed1alely 31l:er each use 

Nam: To ensure lhe cap provides a proper sea11. lhe bottle 
5pol!Jl should be Wiped clean and dr; before replacing, the 
cap. 

Unopened M-aond 200 adhesive may be stored up Lo 
ri1ne morlths at +75.F [+2,r q or tv..elve monltis al +40.F 
(+5"CJ-

HANDLING PRECAITTIIJNS 

M •Bond 200 is a modified a lkyl cy.inoaorylate ~mpound 
llmme,:li31e bonding of eye, skin or mouth may result u pon 
corllact. Cavses 1rri,tafilo(I The v!ier •s cauiJOrred lo; { 1) 
a....oid ,con.fact wilb skin: {2} avoid pro1on9ecl or repeatee 
b~ alhiii191 of ~~pen;; ano (S) _u'.,;C wi th adi;:9u:;:ite 
, ... eniilalion , For addi( ona4 tilealU, and safety informatfon, 
consult the Safety [lal.:J Slilcet, which is -available 1c1pon 
request 

N~; Corrdensa~on will! r.ip,oty c,eprad'e adi,esive 
pel'fo1man,ee and Sheff iile,: alle, refrJgeratmn the adhesive 
tOu!il De f.l!lo'IV(1d to iea.ch roO!if'J, temper<!tw-e be.fore 
openir,g,. ,mdl refrigernUc11n an~r openiog is not 
.rooomtm:iooed_ 

GAGE ,APPLICAT:ION ECHNIQUE'S 

The ins,tallalfon pn;ioodlJl"e presenl _ d on the followiog 
JlA9~ ·s som ewh.;it a'llbm;.,ih:il.oo and ls lnti:lindl?d oillty' <1-1)' a 
guid~ ill achie';l'jl)g proper gage, insJallc1tion ""iilh M<Bond 
200. Micro-Measl!lremerJls l!i!Stn.cction B11lletm B•t29 
presenls recomrneoded p~edures tor s1.uface 
preparaM1t, ariu •lsls spee11c oor16iderat1m1s 'whieh are 
help:('-ll wnen, w odirrtg Y111 ll1 rrtO.!:i l OOl'fllf°'Olil !jrrucl 1v,al 
ma1" als. 

Strain Gaga Installations with M-Bond 200 Adh.si" 
Doc.urne11t~· 11127 
Revis.on 02-12- rn 

l uf4 
m1cro-measuremenls@"'P'Jsensors com 

ID'. BUL 11127 
www m 1cro-measuremenls com 
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lnstructi:on Bui letin e .. ·1.27 

Step 1 

Thoroughty d~gmase 111q geglng ~r.i-:,i w1tti soh,ent, such 
as ~ M Oeyr.e:aser or GC-6 lsopropy1 l\loof;Jol. The fom,er 
is. prefatred, but lilara are son,10 mal.eri.:ils (c.q. , Jii.ani um 
and many plaslics) toal; re~t Wllti slmng, soh'eols. l'n 
ihese cases. GC-6 sopropy} AloohuI si1oufd be. 
ctlrJ!ilt!ered, AJI de9Teas1rig should be done !fl'iitl 
unoonl;:unln::i~d s.ol1,1,Qni.s-ihus ihe use or "one-vrny" 
~r.inl:.i ners, sur;:1'1 as aiarosol eans, 11r highly ad\Ji::i;ah'IEL 

Prel!mi'nary dry abrading will, zm- or 320,grit silioori-
ctirblde paper is generally required ii lhere ls any surface 
5t:a,tle -or Olllde, Fl,1a atrradlng •~ done tiy us1r1g 220-grit 
smcon-caw de paper on surf;,ice,s- thomughl)' walled wiQ1 
M-P.ro,p Cond'itioner A; th·s. is followed by \iYiping tl,y with a 
gauze. sponge. Repcm this wet ab,ading proce~ ~il!1 
400~g_ril smcoo-camide pa,pm, then dry by slo\idy w1pmg 
ttirougll wilh a g;;iuze sponge, 

U:i11'g all~ penqj {0111 alf:lrr1muruJ ur a ba!ipoi'1~ lien (tlf• 
steet), btJm sh (do riot scribe) ~t-ia1ever a lig11101en1 marks 
~re Meder;! on the spai:Jml:lin_ f,lepaatedly apply M-Prop 
Cm11ditioner A m1,d scr1LJb with 001.ton-tip~d applicators 
unlil a cit-an lip is no ,lo11ger dis.colored. Remove all 
rest<tue and Coridilioner b,y agairi sl'owly wipi119 lhrougb 
wilt,, a gau2:e sponge. Ne'llef allow a.1,y so l!ll.t011 lo dry !Jili 
lhe surf~ee beCal!se lh1s rnivar1a ly :1ea-.re:s A GC1f)!.a1·fiiPr1iflmu 
fi lna and r1atduoos cham:e.s of.a gooo bo1 d. 

Step 3 

NO'/Y ar)pl,y a l!l)era1 a(l'lollrJt of l\i1-Prep Neul.!ralraer 5/\ o111d 
scrob With a oottorH1.p,peu a,r,pl cafor, Wi0,1 a srngle, !ilow 
wipi1111g motkin of a 9<ltm!! &l)orrgi::i, car ru ly dry this 
5\frfaC!l , Do no,t wipe ba11:k :ar-1d Jwt11 becaus-e llil !: may 
al low contamimmls 10 oo redcp.os.tcd. 

Sfep 4 

Using, t~a.zero lo remove tt1e g age ·frorn lhe tram:pamrd 
nvel'c,,pa, p lace ll1e gage (bonding side down) one 

chemical l:V clean glass plate or gsage box, surface. It a 
solder ter-rnim1I wi ll b© os.cd, posioo,i ii oii thG plate 
adjaceJJI: l,o the gage as :;tiown. A .:;.paoe ot a,ppm:i:i mat~ly 
1'16 ln [1 .6 mi,11 of mare. wn~re space a.Hows of 
iapplloahofl re.qu res .!al;Ourd tie left betweeri the gage 
backing, and tem1,nal Pia~ a 4. to 6•m [100, to 150-mrnl 
piece e1r M1QfOaMeaii;,ure-menl,:; PC'T g;ige inslallMioni tape 
over "the gage ao,d termrmd. Take rare lo oe11ter Ille. gage. 
on the 1.ap,e-. c-awtully lift toe Lape· al :;i sh.:illow angle 
(about 45 degree:;, :lo s,pee:4rneD surfa;oe}. b.ringirig ·U,e-
!Jn9fl up• '!1!11.1, Ille. tape as i iusl.l'a!ed a.hove. 

Strain Gaga I nst.allations with ,M-Bond 200 Adhni~ 
Doc.AJrnerit · 11127 
Revision 02-12- l8 

1 of4 10: BUL 11127 
www m1cm-measuremer1ls com 
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MICRO :: 
l\i'I EA, URE E ril' .~ lnstructi:on Bui letin e .. ·1.27 

Step 5 

...,,_ __ :.,.,... 

5r;i;ti¼_ 
Position th;e_gage!lape assembly·;ro lhatthe tliangle 
-argnment ma.ri.s. on lhe gage a re over the Jayo.Lil Jines o 
lhe s,peii1meri- IJ 1 'le a~enibly appean; In be ,ru !ia6grieu, 
lin cme ~nrl ofttu~ i.apR at a ~llow angle vrd Ure 
~fiSl:liUb1y is {rt;is Df the $PSCitllt;m. Ritallg~ propi;irly ., And 
firmt'!' anchor at least ori~ e.,nd of the tape. l o th:e 
spc,cfmcm. R:earignmol'iltcan be done wilhoJ:Ji foar or 
oonlaminalt0J1 b_y lhe tape mastic i'1 Micro-Meas~reme11ls 
PCT gage inslallafon tape 's us.ed, bec-ause this lape wil l 
ratalri 1la (nasfo wtier1 re111oved 

;,~:- ~-f·".-:- -· - . .. .... 
r ,..... ... "-' "':.,, 

,,,•·\,~ 
-~ 

Litt th;e gage end of U,e iape, assern l!ll,y at a sllcaltow angle 
to .Ifie sp.ctimcti surtaco (aboul 45 degrees) u111Jl the gag11 
and terminal are tree of 1he specimen sudace, GQ11lih:1 .. h; 
lifii"g the tape unu .it is :me from the speoimen 
a.ppro'.ldiin-;l! tely 1 l2 In (1() mm] h~yorrd lh@ t n'lllna.L Tt,ii:k 
the loose: and or U1Q rape vodsr and pr.ess lo the 
sped men StJrf,ica s{l th::-it the !l'~9S aoii termi11a1 lis 'Ila~ 
'!'itttil the bondit)Q surface CXf!OS.e.d. 

1'4c:ite:;: ~• o-M asoreroeri\S gages t•<lve be.er• b•ei;Jle.d ror 
opUnr•tim. bondmg w11cllllons and J8QIJ J:e• rn:, (m!-de 'fl1n9 
before 1.rse uttl.es? C(!Ola!'li111'1i'fletl duo"9- hat\dfil'lg :,r 
cont.-:imTnaredl, 1he back of any gage can be eleaned \1/ilh 
-;Ii ~ltOil'l-lipped ilpplicalr,it sr f1il,,- mcyli;;leMd with M-Pm-p 
Neutralizer SA.. 

Step 7 

M•Bond 200 c-atat~st can now b.o applied to tho b.onding 
su rtate ,m U1e• ,g~ge anid te.rminal. M-Eom:I ZOO adnesive. 
w1!1 hardef! Wilhout Ifie- oalal)'Sl. bu! less quickly a.nil 
rel~b~ Very lit1le <$18.lysl. 1s needetl, and lt s11.o.uiil be 
.applled in a U11n. 11-nffcirm coat. Lif,I tie tuid1-eap mil of 
'!he ea1..;1.lyst bolile and wipe !hG bruth a,pp,oximatG!ly fO 
stroke~ agai l;ls1 lhe ioside of !'leek" of ltre 'boftfo to 
wr-ing out.most al .Ifie C[IIBl~st. Sci tho brush down oo tho 
gage andl smb the gage ba!;l,;ing. Clo CIOI .:,trQ!-;e, ttle b.rush 
in · · pa nUng style, bol slide the brush over !tie e.nlire gage 
sonac-.e and lhef'I u1e rerrn 1'1<11, Move 1he br11'tl to lhe 

dJace.rn t:a,pe .are r,n or to r m, g frnni I.he suit e Al ow 
'!he ca~lyst l'.O d~ 1-:it l11~st ons m nute 1Jnder nounal 
ambient conditions oh•75°F t+·24"Cl :alild 30% lo &5% 
,elafive humid ly be.lore proceedrng, 

N~: T·he ne-xt lh~ steps mus1 be completed ih 1he 
sequence shOYm, w1lh1n 3 lo 5 seconcl!s Read St.eps 8 9, 
and 10 be,fore pl'Qce-edit1g, 

Step 8 

lfl lli:te tuCilted-ur·\der lape ,ei'J · of t~e asserql:J'ly, a!fld, 
holding i11 lhs same position, appl,~ one or two dr;ops oJ M-
Borrii 200 arlhesive at lhe fold fortUed b~ thi:i iunctioo c.n 
Iha tape and spooimen surface,. This adh,esive app!i(;alion 
.stioul'd be appmximatel~ 112 in [13 mm) ol!.llside lhe· acrual 
gage insla!latTon area. This will insure thal local 
p0lyl".rllf!fm.'IJlc1n I.hat tak,es. plaoe when the atlhesiYe comes 
,n roti~e\ ,..,.,111 the spectn:)en sL1rfa.ce willl 1101 cai:.ise 
unov.so ess lhe gage gluelu1 
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MICRO :: 
l\i'I USUAE Ef ril' 

V?(l, 
lnstructi:on Bui letin e .. ·1.27 

,Immediately rot.ale the lape lo approximately a 30-degree 
an:gle so (Mt the ga{Je 1!, blldged o\lf;f !heir --tl'lllallon 
area While ho dmg the. tape s~ghtJ:~· taut. slowly and firmly 
make a single Wiping s1roke o-.rer the gago11ape, as-semhly 
wi"lmi a, pre:c-e or gavze bringh:ig Ifie gage back, down o ... e -
toe alignm@nt marks on the specimen. Us@ a, firm 
pressur~ with your fin gers 'Mlen wipin g r:r<1er the.gage. A 
very t tlrn. 1.m"ifoim fayer m adhesive ls desired for ophmum 
M n(I pell'o~ance, 

Step 10 

Immediately upon completion oJ Wipe•dut oJ 4he adhesrYe, 
6v,r11 lhuf'11b pressufe ,musf Ile ai;ipUe.d fo lhe •r,;11:1ge ,~fld 
tem1lnal area, rtlis pressure sh~Jd be l!efd for al !east 
one rr11p',i.1~e. Iii 1ow-hum1(J1ty GOrn:1111011!> (below 30%), onl 
ttle ambl{l,nt tempefflh!!trn i s be:low +70°f" (+20°·CJ. lhls 
pmssLJrc appr~ tion timll may have to be oxtom1ed to 
sev,er,al mTnules. 

Wher.e large gages t1fe 1r1volv,eu, r ~ere Cl/Neil 
smfa:oes s ieh as flHels are en.courJlered. It may· 
b advan1ageoL1S l.t) Lll !):e pra fo~med ,pr,essi,ire f!add,n_g 
dul'ing ttle operaifoo, Pr~ssuTc.aapplimlfoo lme s lmo1d 
again be extc-ntltilcl due lo the look of "lhumb treat• whidl, 
llel~ l:o ·speed adhes:hr,e i:iol~eriizalion_ Wait two mi 111ure.s 
belore 1emovtng !ape 

Step 11 

The gago and iotminal stop- arc now .solrdly bonded in 
ptace. l'I Ts 1101 necessa')' !o remove the lape Tmmed~leir 
.aUer gage tnstallalion. The tape• wi!II offer m echank:al 
proleclion ruruie ,gr,id surface and OJa,y be 1ei~ 1ri p,1aoo 
1Jfil1 ii is removed fo, gege w111ng To rnnt,0ve the tape, 
p1,Jl l 11 baek dfrsdl,y over l!seU, pe.tbng i1i slowly l')fld 
steadily off ll.G surtace. lt[is lei!:t.Ul 11~ \',(jll pf-e'ii'•Grnt 
,P()Ssible lffirlg of the foll on open-faced gages oro!her 
dam age to U1e i r1?tall~oon, 

FIN,AL JNST ALLATLON P,ROC:EDURE 

1. Select appropriat,e so'ld'er and attach leadwTres. Prior 
lo any soldering operafior1s:. open-laced ,gage ,grids 
should be mask'ed with PDT drafting lape to pre.v,ent 
possible damage. 

2. Remove 1he- solaer nux wiltl Rosin Solvent, RSK,-1 , 

3. SQl'ed and a ply prnteclfvr3 coat 111g accnrdff'9 lo tile 
pmtedive cooti119 seleolion c.tlal'I found ia lhe Micro 
Measurimie11t:s Strain Gage .l'woessories Data Book 
lo\md at hllp:;/twww.vishaypg"com/micm-
n1easuretl1eri.\Sldaf.tlbM'i\S.! 
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Appendix G. Wiring Diagrams 
 

Note: Vector-format Wiring Diagrams can be found on the BCIT Racing GitHub: 
https://github.com/BCITRacing/STorq/tree/master/Wiring_Diagrams 

 

Appendix G.1. Torsion Test Rig 
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Appendix G.3. Battery Charging Circuit 
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Appendix H. Torque Transducer Notes 
Note: from Taco Niet’s Force,Pressure Lecture Notes 

 

 

 

 

 

 

Torque Transducers: 

Basic Torque sensors are similar to load cells in that they have a siniple mechanical 
element and a sensor (typically strain gauges): 

T ( 

The gauges are on two perpendicular 45° helixes with gauge 3 and 4 on the 
opposite side from 1 and 2. 

TD 16T 
T =- =-

u 2J llD' 
- D is diameter of the shaft 
- J is the polar moment of inertia of the circular cross section. 

For a shaft subject to pure torsion the nonnal stresses are: 
17 = 17 = 17 =0 .:r ,, : 

We can there.fore show that the stresses at the strain gauges are: 
16T 

0'1=-<12- = T= = n[)3 

Hooke's law states that: 

e,=~ (1;u) .WO e =- 16T (1+u) 
l llD' E 

~Iech 455 Lecture Notes 
Combining with Ille sensitivity of~ suain gauges we get: 

6t = ~ =~' =-~• =s.~(l;vJ 
Using a full bridge for the gauges, we gd: 

= 16T(l+u).-c.. s, mJ'l E -. 
OR. solving for the torque: 

T DE CE -----IJ, -
16(1 + u)s,.E, • • 

Toe sensitivity is again 1/T and depends on the di.a11r.ter, rhematerial and the 
gauge factor. 
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Appendix I. 16 Bit ADC Resolution MATLAB Code 
%------------------------------------------------------------------------

-- 
%Discretiztion Error and Resolution 
%------------------------------------------------------------------------

-- 
%Instrumentation amp Gain 
Rg = 330 
gain = 5+200000/Rg; 

  
% gain = 500.0 
% resistorYouNeed = 200000.0/(gain-5.0) 

  
% %Long Thin Beam 
% E = 68.9E9; 
% b = 0.02546; 
% h = 0.00642; 
% I = b*h^3/12; 
% x = 0.263; 
% SG = 2.1; 
% Vi = 5.0; 
%  
% %Resolution 
%  
% n = 10;%n bit ADC converter 
% ResolutionInVolts = (5-0)/(2^n-1);%V/step 
% ResolutionInSteps = 1/ResolutionInVolts; 
%  
% %Discretization Error 
%  
% dError = 1/2*ResolutionInVolts;%V/step 
%  
% %Smallest Error in terms of Force 
% Vo = ResolutionInVolts/gain; 
% dErrorForce = 4*Vo*E*I/(SG*x*h*Vi);%[N] 

   
%Rod Specs 
E = 27.5E6; 
nu = 0.31; 
D = 1.0; 
SG = 1.2;     %1.3+-0.3 
Vi = 1.65; %half of 3.3 

  

  
%Instrumentation amp Gain 
sysVolt = 3.3; %Source voltage for all components 
Rg = 205; 
gain = 5+200000/Rg; 
%gain = gain*16.0 %ads1015 gain 

  
% gain = 500.0 
% resistorYouNeed = 200000.0/(gain-5.0) 
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%Resolution 

  
n = 16;%n bit ADC converter 
ResolutionInVolts = (Vi)/(2^n-1);%V/step 
ResolutionInSteps = 1/ResolutionInVolts; 

  
%Discretization Error 

  
dError = 1/2*ResolutionInVolts;%V/step 

  
%Smallest Error in terms of Force 
Vo = ResolutionInVolts/gain; 
dErrorTorque =  Vo * pi * D^3 / SG / 8.0 * (E / (1.0 + nu)) / Vi / 

12.0;%[ft*lbs] 
dErrorTorquein = dErrorTorque*12.0; 

  
Torque = 7920.0; 

  
VoMax = Torque/pi/D^3*SG*8.0/(E/(1.0+nu))*Vi; %inch lbs 

  
gainrequired = Vi/VoMax; 

 

Code Output: 

 

  

:EJ D 
33 dError 1.25S9e-OS 
l:J dErrorT orque 0.0089 
_i3 dErrorT orquein 0.1069 
33 E 27500000 
33 gain 980.6098 
-33 gainrequired 867.3909 
33 n 16 
33 nu 0.3100 
±I ResolutionlnSteps 3.9718e+04 
33 ResolutionlnVolts 2.5177e-05 
33 Rg 205 
33 SG 1.2000 
33 sysVolt 3.3000 
33 Torque 79'20 
33 v; 1.6SOO 
33 vo 2.567Se-08 
33 voMax 0.0019 
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