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1. Introduction 
Modern data acquisitions systems allow for many vehicle parameters to be monitored 

relatively cheaply. In professional motorsports, data acquisition systems are 

ubiquitous. Once these systems are installed, large volume of data can be collected 

in a relatively short amount of time. However, there has been little published on the 

use of that data to validate vehicle dynamic models. 

 

In order to compare test data to vehicle models there is a need to have standardized 

testing courses. Standard courses allow the vehicle to be run under known conditions 

for which a model can be compared and also allow repetition of near identical tests 

from which statistical analysis can be performed. In some cases, it is useful to isolate 

a particular vehicle behavior with a simple test course so that the behavior can be 

analyzed in isolation. In other cases, it is necessary to have a course that combines 

the simple courses in order to replicate all the typical conditions expected in normal 

vehicle operation. Standardized testing is a foundation on which data can be 

collected and used for vehicle performance analysis, driver analysis, and model 

validation. 

 

Using standardized testing methods, data acquisition systems can collect a multitude 

of signals that may be used to analyze and verify various vehicle dynamic models. 

Strain gauges are often used in upper level motorsports to measure vertical load on 

each corner of a vehicle, however, little is documented on more extensive suspension 

use in order to measure all forces transmitted. Instrumenting all suspension forces is 

of interest to many vehicle dynamic models because motion of the body is a result of 

these combined forces. Many vehicle dynamic models estimate these forces or 

calculate them from other known forces. Strain gauge instrumentation of these forces 

would be a powerful tool for analyzing and validating vehicle dynamics models. A 

verification that such a system could be made with sufficient accuracy is needed as 

well as a thorough methodology for implementing such a system. 
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1.1. Scope and Objectives 
This thesis will focus on the application of standardized testing and data acquisition to 

a collegiate vehicle design competition organized by the Society of Automotive 

Engineers (SAE) called Formula SAE. However, the methods presented may be 

applicable to other vehicles and other forms of motorsports. Since the Formula SAE 

(FSAE) competitions take place on coned, autocross style courses that vary at each 

event, there is a need to define a standardized testing course which can be used to 

validate vehicle performance. In addition, courses will be described in order to isolate 

vehicle dynamic performance characteristics. Basic analysis methods will be 

described for those courses. 

 

This thesis will also describe a method of using strain gauge instrumented 

suspension members to measure all forces between the sprung and un-sprung 

masses of the car. The strain gauge selection process and link design considerations 

are explained so the reader may replicate the results. This thesis will be limited to 

presenting methods to collect data that can be used to validate vehicle models. No 

vehicle model is actually presented or validated.  

 

The objectives of this thesis are to: 

• Describe standardized courses and analysis methods to analyze FSAE 

vehicle dynamic performance. 

• Show the potential for vehicle analysis and model validation using strain 

gauge instrumented suspension links. 

• Provide a platform from which future vehicle dynamic analysis may be 

extended.  

• Provide sufficient detail to allow reproduction of the methods used to generate 

the data presented. 

• Present data typical of FSAE performance. 
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1.2. Vehicle Description  
FSAE is an international student design competition to build a single seat formula 

style race car for the weekend autocross enthusiast. Well over 400 universities 

around the world conceive, design, fabricate, test and compete in multiple 

competitions around the world annually. All vehicles must comply with rules defined 

by SAE that are designed to keep the competitions safe. For further information on 

the competition and rules refer to [1]. 

 

To provide a general concept of FSAE vehicle specifications, typical values are given 

in Table 1. Specific numbers for the vehicles used in this paper are given in the text 

when necessary. 

 
Table 1: Typical specifications of competitive FSAE cars 

 
 

FSAE vehicles from Oregon State University’s Global Formula Racing (GFR) team 

are used throughout this paper to as an example of performance typical of top FSAE 

cars. As pictured in Figure 1, FSAE cars may be combustion or electric powertrain, 

and although they do not compete in the same class, their performance is similar. 

However, all the data in this thesis is from combustion cars. 

 

Specifications: Typical Values: Units:
Vehicle Mass w/o Driver 140-220 kg
Speed Range 40-110 kph
Center of Mass Height 25-35 cm
Weight Distribution Rear 50-60 %
Ride Height 20-50 mm
Suspension Travel 50-80 mm
Wheel Size 10,13 in
Lateral Acceleration Limit 1.5-2.0 G
Motor Type 1,2,4 cylinders
Motor Power 40-80 kW
Fuel Consumption @ Race Speed 11.5 -18.5 L/100km
Fuel Capacity 3.5-6 L
Parts and Materials Comercial Value 20,000-100,000 $
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Figure 1: GFR 2011 FSAE combustion (foreground) and electric (background) cars 

 
The GFR team and cars were among the most successful in the world during the 

2010 and 2011 seasons. In 2010, the team won the Michigan, Austrian, and Italian 

FSAE events overall and many of the individual competition events.  Similar results 

followed in 2011 with the team winning the Michigan, German, and Austrian 

competitions. At the end of the 22 minute endurance race in Germany the car was 68 

seconds ahead of second place. During the 2010 and 2011 seasons, the combustion 

car only failed to finish first overall when it failed to finish the endurance event, which 

is ~40% of the total points in the competition. Said differently, these GFR combustion 

cars were never beaten outright. 
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2. Standardized Testing Methods for Formula SAE 

2.1. Abstract 
Several standardized courses for Formula SAE (FSAE) testing are introduced and 

described with sufficient detail to be reproduced by any Formula SAE team. Basic 

analysis methods for the courses are given as well as explanations of how those 

analyses could be used. On-car data from the Global Formula Racing (GFR) SAE 

cars is used to verify the analysis methods, give estimates to unknown variables, and 

show the relevance of the standard testing courses. Using the courses and methods 

described in this paper should allow standardized comparison of FSAE car 

performance, as well as provide a method to verify simulations and evaluate changes 

in vehicle performance from tuning. 

2.2. Introduction 
Formula SAE teams face complications in vehicle testing and evaluation of 

performance that circuit racing motorsports such as NASCAR and Formula 1 do not. 

No Formula SAE team has regular access to one of the actual FSAE competition 

courses that they can use to evaluate vehicle performance, and few have access to a 

course which does not change test to test. There is a need for FSAE teams to have 

standardized testing courses that can be repeatedly setup to identical dimensions 

and used to evaluate their competition dynamic event performance. 

 

• Evaluate tuning changes in their vehicles to improve vehicle performance. 

• Compare the performance of their cars to vehicle models and simulations. 

• Verify data acquisition systems are properly setup and calibrated. 

• Objectively compare the performance of their cars week to week, year to year, 

as well as team to team. 

• Reduce the number of unknown variables so that comparisons can be made 

in collected data that can otherwise not easily be isolated. 

 

This paper’s contribution to the SAE community is to provide FSAE teams with small 

footprint and simple to learn test courses that have been shown to represent typical 
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FSAE courses, and can be reconstructed anywhere. Additionally, this paper uses 

data from tests that use these courses to illustrate several different analysis 

techniques that may be applied. From the data, several general recommendations 

are drawn that may assist others in duplicating these tests or performing similar tests. 

 

This paper is intended to provide the reader with all information needed to duplicate 

the test courses described, the calculations made, and the test data collected. 

Included in this paper are: 

• A course description, analysis method, and on-car data analysis for a multi-

radius skid-pad used to evaluate steady state lateral performance. 

• An analysis method and on-car data analysis for the FSAE acceleration event 

to evaluate longitudinal acceleration performance. 

• A course description, analysis method, and on-car data analysis for two 

slalom courses used to evaluate transient lateral performance. 

• A course description and justification from on-car data for a simple 

autocross/endurance course used to evaluate full vehicle combined 

performance. 

 

This document will describe standardized testing courses designed to evaluate 

vehicle performance and methods to quantify that performance. Data is presented 

from the GFR cars to verify the analysis methods, give estimates to unknown 

variables, and show the relevance of the standard testing courses. The methods 

presented in this paper may be used to create or verify vehicle models. This type of 

testing is different from FSAE competition testing and practice, which should be more 

about driver training and practice than vehicle tuning and development. 

2.3. Course Descriptions 
The Formula SAE Rules [1] were used to form the basis for all the dimensions, and 

track data from FSAE courses around the world was used to select final dimensions. 

It is recognized that testing space for FSAE teams is often very limited and that 

different teams have vastly different resources. The layouts for these standard 
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courses were designed to occupy minimal area while providing a full range of typical 

FSAE testing speeds. 

 

The time per lap/run is purposely kept low so that many trials are quickly recorded for 

statistical evaluation. Having a higher number of trials allows better calculation of 

errors. In all of these test setups, knocked down cones should be strictly recorded 

and fixed immediately because an out of place cone can have a significant effect on 

the time of a lap/run and cause erroneous data. It is recognized that these test setups 

are not very challenging for the driver, and that is also one of the goals, as the driver 

needs to be extremely consistent for vehicle effects to be isolated.  

2.3.1. Skid-pads 
Skid-pad testing provides a method of evaluating the steady state cornering ability of 

a vehicle. Use of skid-pads in vehicle performance testing has been discussed in [2, 

3, 4, 5]. Skid-pads are often used to evaluate oversteer/understeer tendencies. By 

using skid-pads of different diameter, the effects of speed and yaw rate on the 

handling balance and lateral acceleration can be studied. 

 

The Formula SAE Rules [1] describe a pair of 15.25 m diameter skid-pads oriented in 

a figure eight, which is used as one of the scored events at FSAE competition. This is 

an important course for FSAE competition but is limited in use for vehicle 

development because it only offers one radius. Multiple radii are necessary to 

characterize how steady state performance changes as a function of radius. 

Additionally, the figure eight layout makes it difficult to determine left versus right 

handling variation from track surface variation.  

 

Figure 2 illustrates the layout of the standard skid-pads. Five paths are defined by six 

concentric circles of cones. Additional rings may be added on the outer diameter with 

the same lane width if higher speeds are desired. The particular dimensions selected 

were chosen to fit conveniently within the asymmetric oval as shown in Figure 20 of 

Appendix A: Detailed Dimensions for Asymmetric Oval Setup.  
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Figure 2: Standard skid-pads 

2.3.2. Acceleration / Slalom 
Straight line acceleration tests provide a method of evaluating the longitudinal 

acceleration of a vehicle. Use of straight line acceleration data to quantify engine 

performance is discussed in [6] and [7]. Both authors describe methods for estimating 

rolling resistance and aerodynamic drag so that engine torque and power may be 

calculated.  

 

The slalom represents a simple transient cornering test that can be used to validate 

the transient behavior of the car.  The slalom course in Figure 3 has a short slalom 

(9.375 m) and a long slalom (12.5 m).  They are not the extreme range of the slaloms 
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indicated in the rules, but they should be representative of typical competition 

slaloms. These particular slalom dimensions were chosen so that the total distance 

would be 75 m and allow the course setup to coincide with the acceleration course. 

 

 

Figure 3: Standard acceleration / slalom track 

2.3.3. Asymmetric Oval 
The asymmetric oval is designed to represent typical Formula SAE autocross and 

endurance courses around the world. As shown in Figure 4, this simple course 

combines all three of the other test courses into a single course that can be driven 

continuously. This should be used to evaluate tradeoffs in vehicle setup for an auto-

cross/endurance event. Some vehicle setups may be optimal for the skid-pad, 

acceleration, or slalom tests tracks individually, but may be detrimental to others. 

Since the asymmetric oval is the most comprehensive of the test tracks, the majority 

of time testing/tuning should be spent on this course. Similar simple test tracks can be 

found in [3, 8, 9, 10, 11] but are not defined well enough to be repeatable and may 

not reflect typical FSAE autocross / endurance speeds. 
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Figure 4: Standard asymmetric oval 

2.4. Course Implementation 
The minimal equipment necessary to make use of these courses is:  

• Sufficient number of cones to layout the courses (approx. 120 for all skid-

pads, 16 for acceleration / slalom, approx. 80 for asymmetric oval) 

• A timing system that allows closed circuit timing (asymmetric oval and skid-

pad) 

• A timing system that allows open circuit timing (acceleration and slalom) 

• A testing facility that you have regular access to with enough smooth 

pavement to operate the courses and allow sufficient safety space to allow 

driver mistakes (approx. 50 x 50 m for all skid-pads, 15 x 150 m for 

acceleration / slalom, 50 x100 m for asymmetric oval) 

• Two tape measures or other measuring devices capable of 50 m or greater to 

precisely locate all the cones in the asymmetric oval 
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2.4.1. Skid-pads 
The skid-pads are easily formed by placing radial lines of cones evenly around the 

circumference to form consistent spacing (like pie slices). At least 24 cones should be 

used in the larger circles to provide sufficient reference for the driver to maintain a 

circular path. Cones should be positioned so the outward edge of the base of the 

cone is aligned with each measured radius. This should allow the inside edge of the 

car to travel at the intended radius. 

 

The skid-pads should be driven as close to the inside cones of each radius circle as 

possible to minimize variation in corner radius. The timing system beacons should be 

placed inside the smallest diameter circle and outside the largest diameter circle 

facing toward each other along a radial line from the center of the circle. This allows 

continuous driving of both directions of all circles. The skid-pad should be driven 

equally in both directions to evaluate vehicle asymmetries and keep tire wear even. 

2.4.2. Acceleration / Slalom 
The acceleration course and run procedure should follow all FSAE rules in [1] except 

for the part of D5.2 which states: “Cones are placed along the course edges at 

intervals of about 5 paces (roughly 20 feet). Cone locations are not marked on the 

pavement.” Instead, place the cones in straight lines according to the spacing in 

Figure 3 and mark their location so they can be quickly replaced. This has no effect 

on the use of the acceleration course, but it allows use of the same cones and space 

to create two slalom courses. 

 

The run timing gate should be placed aiming across the start and finish line of the 

acceleration / slalom event to the outside of the acceleration driving area. They 

should be placed roughly 20 cm from the cones so that the beacon will not be 

damaged if the cone is hit but is triggered as consistently as possible for the start of 

the acceleration event. The spacing of the front of the car to the timing line (as 

specified in the rules: 30 cm) is critical to the timing accuracy of the run. Figure 5 

shows the relationship for time versus staging distance based on constant 1 G 

acceleration. From this plot it can be seen that a 10 cm error in the rules specified 
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staging distance results in a 0.05 second difference in run time. This is roughly a 3 

point difference at a typical competition. 

 

 

Figure 5: Effect of staging distance on acceleration run time for constant 1 G 
acceleration 

 

To get the most accurate results, roll the car back and forth through the start timing 

gate and determine what point on the car first trips the timing system. Then use this 

point to measure back 30 cm and mark an index point between the car and the 

ground so it can be set at the same point every time. 

 

Slalom courses should start and end with the normal start and finish timing gates of 

the acceleration course. This allows both slalom courses as well as the acceleration 

event to be run with one setup. The slalom courses should be run in both directions to 

help differentiate driver inconsistencies from track surface inconsistencies.  
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2.4.3. Asymmetric Oval 
Figure 3 illustrates the basic geometry of the asymmetric oval. Additional dimensional 

details can be found in Figure 17, Figure 18, Figure 19, and Figure 20 of Appendix A: 

Detailed Dimensions for Asymmetric Oval Setup. Constructing the asymmetric oval 

for the first time is a time consuming task and requires at least three people. It is 

strongly recommended that once the track has been setup correctly all cones are 

marked in a semi-permanent method such as striping paint or oil based chalk. 

 

The dimensions are given from two datum lines that are perpendicular to each other. 

The first step to building the asymmetric oval is to square these datums to each other. 

This can be done by using a 3:4:5 triangles scaled to several sizes as shown in 

Figure 17. Using one piece of measuring equipment, measure along the desired long 

axis from the desired intersection point of the datums and mark the ends at the 

dimension chosen. From these two points, use two pieces of measuring equipment 

and find the intersection of the two other legs of the 3:4:5 triangle. The 3 and 4 legs of 

the triangle should now be perpendicular. These datum axes should be marked to 

allow easily measurements of all the other dimensions from them. Once the datums 

are constructed the course can be made by using Cartesian coordinates to form the 

sides of the oval, and polar coordinates to form the semicircular corners. 

 

The location of a few of the cones can significantly affect driven line and lap time, 

especially the cones on the slalom side of the track. A general tolerance of under ±0.1 

m on the absolute location of every cone should be the goal, which means that every 

measurement and cone placement made should be under ±0.05 m since tolerances 

will stack. To put this tolerance in perspective, it is near the width of a normal cone 

used in FSAE competitions. Justification for this tolerance is given in section 2.6.2.2 

from the significance of error in vehicle speed through slaloms. The cone spacing 

around the outside perim of the track should be 3-5 m as needed, with matching 

cones on the inside of the track to form gates. 

 

All dimensions other than slalom cones denote the inside edge of the track. That 

means the inside edge of the cones should be aligned with the measured dimension 
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of the track, and the center of the cone should be offset. This prevents cone 

dimensions from affecting the track. The slalom cones should be placed on the center 

of the dimension such that all the cones are in a straight line when sighted down. The 

slalom should also have pointer cones to enforce that the car goes toward the inside 

of the track as it enters the slalom from each direction. 

 

To reduce inconsistencies with the timing equipment due to driven line and the 

possibility of accidental collisions with the timing equipment, the location of the timing 

gate should be the middle of the straight section. Positioning the timing gate in the 

geometric center of the straight section (28 m from each corner) will also align data 

traces on a lap by lap basis between any asymmetric oval constructed. Equal time 

should be spent driving the course in both directions as the course will have different 

velocity profiles due to the asymmetry in longitudinal acceleration and deceleration 

and because this will challenge the car and the driver differently. 

 

Figure 20 shows that skid-pads may be assembled within the large turn of the oval to 

conserve space. Some of the cones from the largest two skid-pads conflict with the 

asymmetric oval setup and a few cones must be moved depending on which course 

is being run. 

2.5. Analysis Methods 

2.5.1. Skid-pad 
Lateral acceleration �� on a skid-pad can be easily evaluated by Eq. 1 or Eq. 2: 

�� = ��� 										(1) 
�� = ���̅										(2) 

where � is the speed of the vehicle, � is the angular velocity, and � is the radius that 

the CG of the vehicle is traveling on. 

�̅ = �� +�2 + �										(3) 
In Eq. 3, �� is the nominal internal radius of the skid-pad, � is the overall width of the 

vehicle, and � is the average space between the cones and the inside edge of the 
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vehicle. Combining Eq. 1 and Eq. 3 and using lap time � to calculate velocity, the 

average lateral acceleration per lap can be calculated directly from lap time and 

constants: 

������ = 4�� ��� +�2 + ���� 										(4) 
2.5.2. Acceleration / Slalom 

2.5.2.1. Acceleration 
Straight line acceleration �� can be written as driving force less the sum of drag 

forces divided by the total mass of the car. 

�� = ���� �⁄ − (!"#$% + !$%&& + !�'$#)(�%�"& 										(5) 
In Eq. 5, � is the torque produced by the engine, � is the total gear reduction between 

the crankshaft and the wheels, �� is the efficiency of the torque transmission between 

the engine and the wheels, � is the rolling radius of the tire, and !"#$%, !$%&&, and !�'$#  
are the drag forces from aerodynamics, rolling resistance, and the tire rolling drag. In 

addition to the terms in the numerator of Eq. 5, rotational inertia acts as an additional 

mass on the car. Rotating bodies that change rotational speed with a direct proportion 

to vehicle speed such as the wheels and the engine can be calculated as an effective 

translational inertia: (#**.  

(#** = +(� �⁄ )� 										(6) 
In Eq. 6, + is the rotational inertia of the rotating body. Note that because this is a 

function of gear, the effective mass of the engine is different in each gear. The sum of (#** and the translational mass ( is the total mass (�%�"& used in Eq. 5.  

 

Many of the terms in Eq. 5 will not be known by the average FSAE team and are not 

easy to measure. Methods for calculating, measuring, or estimating	!"#$%, !�'$#, and +  
are discussed in [7, 4, 6, 12], [4, 13], and [6, 14] respectively. Working toward finding 

good numbers for all the terms in Eq. 5 would allow for a better acceleration 

simulation, however, it is easier and perhaps more useful to measure longitudinal 

acceleration and work backwards. 
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By measuring the longitudinal acceleration and speed	�, the power -  acting on the 

car can be directly calculated: - = ���(�%�"&										(7) 
Longitudinal acceleration can be measured directly with an accelerometer, or 

calculated by using speed or GPS. Power is a useful quantity to know because 

engines are commonly evaluated by power. Using the power that is measured -/ and 

the rated power of the engine	-$, the power efficacy �0 of the vehicle can be 

calculated: 

�0 = -/-$ 										(8) 
The rated power is the power produced by the engine itself and is typically measured 

by a dynamometer. It is typically a function of engine RPM but may be approximated 

by a single value if power is near constant for the RPM used during acceleration runs. 

 

The power efficiency is therefore an evaluation of all of the factors in Eq. 5. It is speed 

dependent and will be zero at zero speed as well as maximum speed due to 

aerodynamic drag. The larger the area under the curve, the faster the acceleration 

run will be. Power efficiency is useful in assessing how significant all the factors in Eq. 

5 are and when they are significant. As components from Eq. 5 are calculated, 

measured or estimated their individual contribution to �� can be input into Eq. 7 and 

then Eq. 8 to determine the significance of each term as a function of speed. 

Examples are shown in 2.6.2.1. 

2.5.2.2. Slalom 
Slalom maneuvers are highly transient, making them difficult to analyze. As a 

simplification, they can be approximated by a series of steady state corners. This is a 

large simplification, as it implies that the vehicle can change from full steady state 

cornering in one direction to full cornering in the other direction instantaneously. It 

does, however, allow for a calculation of the driven line and the average lateral 

acceleration which is shown in section 2.6.2.2 to match quite well with measured 

data. 
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Approximating a slalom course as a series of steady state corners, the average 

radius � that the CG of the vehicle is traveling on can be calculated as: 

�̅ = 2�4(� + �3 + 2�) + (� + �3 + 2�)4 										(9) 
where 2 is the distance between the slalom cones, and �3 is the width of the cones 

used. Combining Eq. 1 and Eq. 9 and using run time � to calculate velocity, the 

average lateral acceleration per lap can be calculated directly from run time and 

constants: 

������ = 5� �� − 2 tan9:
2� +�3 + 2��� × < 2�(� + �3 + 2�) + � + �3 + 2�=�� 										(10) 

where 5 is the number of slaloms of distance 2 done in a row for the run. Therefore 52 for the standard slaloms is simply 75 m.  

2.5.3. Asymmetric Oval 
The asymmetric oval is not a single simple maneuver; it is a combination of 

somewhat simple maneuvers linked together with transition zones. Performance is 

therefore not easily evaluated by simple analytic equations and is beyond the scope 

of this paper. However, the basic equations given above could be part of a simple lap 

time simulation that could be a very powerful analysis tool (see section 2.7.1.1).  

 

The asymmetric oval does give an overall evaluation of performance in the form of a 

lap time. Since the asymmetric oval is shown to be a good representation of typical 

FSAE courses in section2.6.3, comparative lap times can be used to holistically 

evaluate autocross and endurance performance.  

2.6. Data Analysis and Discussion 
All data presented has been taken from the Global Formula Racing (GFR) team’s 

2010 or 2011 combustion cars as seen in Figure 6 and Figure 7. All data that is 

directly compared comes from the same driver on the same day unless explicitly 

noted. The data that has been selected is not the highest performance recorded; it 

has been selected to represent typical performance values that could be regularly 

expected for the GFR vehicles. 
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Figure 6: GFR 2010 

 

Figure 7: GFR 2011 

 

The values in this section given are intended to provide a baseline for typical FSAE 

performance on these tracks. All figures and tables not in text can be found in 

Appendix B: Data from Standard Test Courses. All standard deviations (Std Dev) 

listed in the appendix represent the variation in the value of the channel over the 

given lap. When color highlights the values in tables, blue indicates a minimum value, 

red indicates a maximum value, light green indicates a value within 1% of the 

minimum, and dark green indicates a value within 2% of the minimum. 

2.6.1. Skid-pad 
Data is taken from the GFR 2011 car with aerodynamics. Table 11 shows data from 

two laps in each direction of each diameter of skid-pad and Figure 21 shows the GPS 

traces of the driven lines for those laps. By using the equations in section 2.5.1 and 

the data collected for average corner radius �̅ in Table 11, values of the average 

space between the cones and the inside edge of the vehicle �, can be calculated for 

each lap.  
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Table 2: Calculation of average space between the cones and the inside edge of the 
vehicle (ϵ) for skid-pad from collected data 

  

 

From the data, a typical value of � is between 0.22 and 0.46 m. From experience, 

these values are reasonable for a well-practiced FSAE competition driver. An 

exceptional driver may be able to do better than 0.22 m. It is generally easier to have 

lower values of � for smaller radiuses because the speeds are greater. Lower speeds 

result in less distance traveled in error when the driver makes corrections. 

 

Table 11 also lists average speeds (Corr Speed), average lateral acceleration (G 

Force Lat), and average yaw rates (Gyro Yaw Velocity), as well as standard 

deviations for each. All three of these are measured independently by sensors on the 

car and are not calculated from any other data. By substituting lap time into Eq. 4 

using our average value of	�, average lateral acceleration ������ can be calculated. For 

the given laps there is a 1.9% average error in the calculated lateral acceleration from 

Course
Theoretical CG Radius 

with no Error (m)
Measured Corner 

Radius (m) ϵ (m)
Course 

Average ϵ (m)
R16.5CW 17.15 17.61 0.46
R16.5CW 17.15 17.41 0.26
R16.5CCW 17.15 17.62 0.47
R16.5CCW 17.15 17.52 0.37
R13CW 13.65 13.77 0.12
R13CCW 13.65 14.08 0.43
R13CCW 13.65 13.85 0.2
R9.5CW 10.15 10.58 0.43
R9.5CW 10.15 10.47 0.32
R9.5CCW 10.15 10.59 0.44
R9.5CCW 10.15 10.82 0.67
R6CW 6.65 6.89 0.24
R6CW 6.65 6.94 0.29
R6CCW 6.65 7 0.35
R6CCW 6.65 6.99 0.34
R2.5CW 3.15 3.38 0.23
R2.5CW 3.15 3.49 0.34
R2.5CCW 3.15 3.35 0.2
R2.5CCW 3.15 3.42 0.27

Average ϵ 0.34 0.124

0.26

Standard Deviation

0.39

0.25

0.465

0.305
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the measured, and a 2.3% standard deviation on that average. Figure 8 shows both 

calculated and measured lateral acceleration as a function of radius on which the CG 

is traveling, as well as power functions fit to each data set. 

 

 

Figure 8: Lateral acceleration calculated and measured as a function of CG radius 

 

Using the calculated lateral acceleration as input into Eq. 1, there is a 0.1% average 

error in calculated speed from the measured, and a 1.3% standard deviation on that 

average. Doing the same for Eq. 2 gives a -2.5% average error in calculated angular 

velocity from the measured, and a 1.6% standard deviation on that average. The fact 

that there is a low average error on speed, and higher errors on lateral acceleration 

and angular velocity, is an indication that there may be some slight sensor calibration 

or measurement issue with the accelerometer and yaw rate sensors. However, these 

are fairly small errors considering all compounding factors in these measurements 

and calculations. 
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The consistency of the data shows that using the skid-pads and the equations in 

section 2.5.1 can be a useful tool to measure steady state cornering lateral 

acceleration and angular velocity without sensors, or to verify sensor readings and 

accuracy. By generating plots as in Figure 8, empirical data can be used to predict 

steady state performance on any radius of corner. This data can also be compared 

directly to vehicle model predictions of cornering performance. 

2.6.2. Acceleration / Slalom 

2.6.2.1. Acceleration 
Data is taken from the GFR 2010 car. In order to make these laps as consistent as 

possible, GFR has implemented a launch control as well as fully automated shifting 

for all data shown. Figure 22 shows the traces of speed (corr speed), longitudinal 

acceleration (G Force Long), and accelerometer calculated power from the laps 

selected. Table 12 shows data from four acceleration laps divided into 25 m sections. 

Additionally, Table 3 shows sector times for each of the 25 m sections of the 

acceleration laps. The first 25 m is actually the halfway point of the lap by time, and 

the majority of time difference between laps is in that sector. All sector times in 

sections 25-50 m and 50-75 m are at or within 1% of the fastest time. These points 

make it clear that the first 25 m of an acceleration lap is the most important.  

 

Table 3: Typical sector times for acceleration laps 

 

 

Figure 22 shows the measured traces of speed, longitudinal acceleration, and 

accelerometer derived power, which is calculated using Eq. 7 from section 2.6.2.1. 

The large spikes in the traces of longitudinal acceleration and power are from gear 

changes. Note that all traces appear to be quite similar with the exception of the 
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spikes in the acceleration and power traces of shifting error in lap 15 just after the 

third gear change. However, lap 17, which appears to be the same as the others, is 

the slowest. Looking at the sector data for lap 17 in Table 12 reveals that the 0-25 m 

section had the lowest average speed and lowest maximum speed. Going back to the 

acceleration and power traces in Figure 22, closer inspection reveals small dips in the 

lap 17 trace in the first five m. This emphasizes the point that the launch is the most 

critical part of an acceleration run. 

 

Using the accelerometer calculated power from Figure 22 and the dynamom rated 

power of the GFR 2010 engine, Eq. 8 can be used to calculate power efficiency. 

Since the GFR 2010 engine measured a near constant 31 kW ± 2% between 8000 

and 11000 RPM, which is the range used for acceleration runs, -$ is used in Eq. 8 as 

a constant. However, if -$ is not constant it should be used in Eq. 8 as a function of 

engine RPM. Rotational inertia was not accounted for in this calculation of power 

efficiency so it may be calculated as a power loss later on, therefore (�%�"& is the 

translational mass.  

 

Power efficiency is plotted as a function of speed in Figure 23. Lap 9 was chosen for 

the data in Figure 23 because it is the most representative of the four laps compared 

in Table 12 and Figure 22. Ignoring the large spikes in the power efficiency traces 

from the shifts for the moment, the power efficiency is near linear between 0 and 40 

KPH, and the peak occurs between 50 and 75 KPH then drops off as speed 

increases after 75 KPH. In order to better understand the shape of the power 

efficiency curve, several power efficiency losses have also been plotted in Figure 23. 

 

The component of aerodynamic drag from Eq. 5 can be used in Eq. 7 and then Eq. 8 

to calculate the loss in power efficiency. The values used to calculate aerodynamic 

drag are taken from CFD, and may not be accurate, but they illustrate the 

characteristic and rough magnitude of aerodynamic drag on power efficiency. As 

expected, Figure 23 shows the percent of power required to overcome aerodynamic 

drag and increase proportional to the square of speed. At the maximum speed 

reached during the acceleration run, nearly 20 percent of the power output of the 
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motor is being used to overcome aerodynamic drag. Reductions in aerodynamic drag 

will therefore cause increases in power efficiency at high speeds and reductions in 

the 50-75 m sector times. 

 

The effect of rotational inertia can be thought of as a loss in power proportional to the 

additional effective mass. By substituting the effective translational inertia (#** of the 

rotational inertia from Eq. 6 into Eq. 7, the power used to accelerate the rotational 

mass can be calculated and substituted into Eq. 8 to see the effect on power 

efficiency. The rotational inertia for the wheels has been measured, but the rotational 

inertia for the engine has been estimated. Figure 23 illustrates the characteristic and 

rough magnitude of rotational inertia on power efficiency. 

 

As expected, Figure 23 shows the percent of power required to accelerate the 

rotational mass to mimic the power efficiency trace but with stepped reductions at 

each gear change. At the end of first gear (near 40 KPH) the power efficiency used 

for rotational acceleration peaks at near 20 percent. Reductions in rotational inertia 

will therefore cause increases in power efficiency at high accelerations. Engine 

rotational inertia is seen to be especially important because of the high gear 

reduction. The biggest effects are in the first and second gears, which are used 

during the first 20 m of the acceleration run.  Since the 0-25 m sector has been 

shown to be the most significant to run time, power losses from engine rotational 

inertia are more significant to acceleration run times then aerodynamic losses, for the 

assumed values used in these examples. 

 

At low speeds, the acceleration, and therefore power efficiency, is constrained by the 

traction limit of the tires. To represent this limit the power efficiency for constant 1.2 G 

acceleration is shown in Figure 23, which has been observed to be roughly the 

traction limit of the tires. The limit will not be constant, and will be tire and vehicle 

dependent, but is shown as constant here as an approximation. Above this limit, 

additional power will be converted to heat from the friction of the tire spinning. The 

point where the power efficiency trace separates from the power efficiency of 

constant acceleration denotes where the engine is no longer exceeding the traction 
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limit of the tires, and large amounts of wheel slip (>20%) end. In Figure 23 this point 

occurs at about 25 KPH. On the run shown, the engine RPM had dipped down from 

launch control limiter and no longer was able to use the traction limit of the tires. 

Other runs use the tire traction limit up to near 40 KPH, at which point the power 

efficiency of near 60% becomes the limiting factor. The dip below the constant 

acceleration line during launch in Figure 23 shows how power efficiency plots may be 

used to analyze the launch of acceleration runs and identify errors or areas for 

improvement. 

2.6.2.2. Slalom  
Data for slalom analysis is taken from the GFR 2010 car. Table 13 shows data from 

two runs in the same direction for both slaloms, and Figure 25 shows the GPS traces 

of the driven lines for those laps. From the GPS data it can be seen the driven lines 

for the faster 12.5 m slalom are not as consistent as the lines from shorter 9.735 

slalom. This can also be seen in Figure 24 by the inconsistent traces of speed (corr 

speed) and absolute lateral acceleration (ABS G Force Lat) for each of the pairs of 

runs. Ideally the speed traces would taper smoothly from higher entry and exit speeds 

to near constant speed throughout the middle of the run. The speed transitions at the 

beginning and end of the run could be avoided by adding one additional slalom cone 

per side of each run at the nominal spacing. However, by including the transition 

region in the data, it forces one to account for and consider these transitions which 

occur normally on FSAE courses. 

 

By using the equations in section 2.5.2.2, the data collected for average corner radius �̅ in Table 13, and a known cone width �3 of 0.1 m, values of the average space 

between the cones and the inside edge of the vehicle � can be found. From the data, 

the best value of � for the 12.5 m slalom is 0.2 m, and the best value for the 9.375 m 

slalom is 0.07 m. These values minimize the difference between the calculated CG 

radiuses and the measured. Table 4 shows the values of average absolute lateral 

acceleration, average absolute yaw rate, and average speed calculated using Eq. 9 

and Eq. 10 in conjunction with Eq. 1 and Eq. 2. Error percentages are calculated 

based on the measured averages in Table 13.  
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Table 4: Calculated values and errors for average absolute lateral acceleration, 
absolute yaw rate, and speed 

 

 

A reasonable value of � is seen to be between 0.05 and 0.25 m, however the vehicle 

performance is very sensitive to this value. There is a 20 percent difference in 

average lateral acceleration between a value of � of 0.05 and 0.25 m for both slaloms. 

This is equivalent to a 9 percent change in speed through the slalom and indicates 

having drivers that can minimize the space between the cones and the inside edge of 

the vehicle could be very significant for overall lap time. It also indicates that without 

taking into account other factors like tire load sensitivity or roll over, a narrow car is a 

significant benefit to slaloms. This sensitivity also justifies the recommended 

tolerances for course layout given in section2.4.3.  

 

Since the dimension of CG radius with error is very similar between the 9.375 m 

slalom and the 13 m skid-pad (13.9 and 14.6 m respectively), the average 

acceleration values are expected to be the same if the steady state acceleration 

assumption was truly accurate. However, the average lateral acceleration for the 

slalom is over 30 percent less.  This indicates that while vehicle performance metrics 

of average lateral acceleration, speed, and yaw rate may be able to be calculated 

with a steady state model of a slalom, the transients of the slalom cause a reduction 

in performance relative to true steady state abilities of the car. 

 

Length of 
Slalom 

[m] Lap #

Lap 
Time 

[s] ϵ [m]

CG Radius 
with Error 

[m]

Avg G 
Force Lat 
Calc [G]

Error of 
Lat G 

Calc [%]

Avg 
Speed 

Calc [kph]

Error of 
Speed 

Calc [%]

Avg Yaw 
Rate 

Calc [°/s]

Error of 
Yaw Rate 
Calc [%]0 Avg Avg Avg

12.5 Lap 5 5.047 0.20 22.05 1.049 4.0% 54.2 2.9% 39.1 2.2%
12.5 Lap 10 5.080 0.20 22.05 1.036 2.5% 53.9 3.0% 38.9 1.1%
9.375 Lap 22 6.651 0.07 14.60 0.920 5.2% 41.3 2.6% 45.1 3.0%
9.375 Lap 27 6.555 0.07 14.60 0.948 3.3% 41.9 3.0% 45.7 1.5%

Avg 
Percent 

Error
3.75%

Avg 
Percent 

Error
2.87%

Avg 
Percent 

Error
1.95%

Std Dev 
of Error

0.96%
Std Dev 
of Error

0.17%
Std Dev 
of Error

0.71%
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Figure 9: Comparison of lateral acceleration in 9.375 m slalom approximated by the 

steady state simplification, a cosine function, and the measured on-car data  

 

To analyze the validity of the steady state cornering assumption on which all the 

equations used in section 2.5.2.2 are based, Figure 9 shows a comparison of lateral 

acceleration with the steady state assumption, a cosine approximation, and 

measured data. The measured data chosen for Figure 9 is from the middle of the 

slalom run for lap 27. This data was chosen because the speed trace as seen in 

Figure 24 is nearly constant, and consistent between both laps, which indicates that 

the driver has found a good rhythm for continuous slaloming in this section. The 

average measured speed for the data shown in Figure 9  is within 2% of the speed 

predicted by using Eq. 9 and Eq. 10 to solve Eq.1 for speed.  

 

The average of the absolute value of the measured data is listed in the plot area of 

Figure 9 for the portion of data shown. The fact that these values are within 4 percent 

of each other indicates that a similar amount of average lateral momentum is 

generated in each half period, despite the different shapes of the curves. This verifies 
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that the average lateral acceleration calculated with the steady state assumption 

correlates well with the average measured performance. Additionally, the geometric 

ideal transition point between left- and right-hand cornering is within 0.75 m of the 

real data, and peak lateral acceleration is near the middle of those transitions. The 

steady state cornering assumption does not do a good job of representing the shape 

of the transitions nor the peak in lateral acceleration values; something to represent 

the transients is needed. 

 

One classic method of evaluating vehicle performance is the vehicle traction circle, 

which models the lateral and longitudinal capability of the vehicle as a near circular 

shape [10, 4, 15]. Maximum performance is obtained by driving continuously on the 

outer edge of the circle. If an idealized vehicle traction circle is considered in which 

the vehicle is always accelerating with a constant magnitude but changing direction, 

the lateral acceleration for the slalom should follow a sinusoidal function. At the same 

time, the ideal longitudinal acceleration would follow a 90 degree out of phase 

sinusoid function of equal magnitude. This is a simple way to model transient 

behavior. The magnitude of the cosine function used in Figure 9 was determined by 

setting the area under the cosine curve over the length of each slalom equal to the 

area under the steady state approximation. The resulting function is: 

�� = �2 ������ cos �B2 ��										(11) 
where B is the position of the vehicle along the slalom. The sinusoid approximation 

tends to exaggerate the peak lateral acceleration over the measured values slightly, 

and transition between cornering directions too slowly. It does a better job matching 

the measured performance than the steady state assumption does, but the true 

performance response is somewhere in between the steady state and traction circle 

transient idealizations.  

 

In practice, the traction circle model is not valid on tight slaloms such as these. 

Drivers tend to minimize longitudinal acceleration during slaloms and try to hold near 

constant speed. However, instead of using the capacity of their tires for longitudinal 

acceleration between peak cornering as the traction circle would predict, the capacity 

of the tires is used to create the yaw moment necessary to change the direction of the 



30 
 

vehicle. Analyzing vehicle performance in this way is explained by Milliken in [4] and 

known as force – moment analysis. The slope of the lateral acceleration in Figure 9 is 

an indication of the yaw response of the car. The tighter a slalom maneuver is, the 

more significant the yaw response is to lap time. 

2.6.3. Asymmetric Oval 
Data for asymmetric oval analysis is taken from the GFR 2011 car during the 2011 

season. All data shown in Table 14 and in Figure 27 is all from the same driver, but 

not from the same day/session, as they are comparing competition courses with the 

asymmetric oval. Table 14 and Figure 27 compare data from the endurance event at 

Michigan, Austrian, and German competitions with a mock endurance trial on the 

asymmetric oval. In each session the car begins cold; there is no significant warm up 

for the engine, tires, or driver. The tires are new, or have just been scrubbed in at the 

start of each session. The laps that have been selected are all approximately five 

minutes and four kilometer into each of their runs, plus or minus one minute and one 

kilometer. The intent is to make the best comparison of car and driver conditions as 

possible.  

 

Figure 26 shows GPS data for inside and outside line of the asymmetric oval, as well 

as the driven line for a typical lap. The driven length of the asymmetric oval is 196 m 

on average. A typical lap time for the GFR 2011 car is about 11.75 seconds. To 

conduct a simulated endurance, 112 laps should be run with a driver change mid-

way. This will result in 21.95 kilometer traveled in roughly 22 minutes. It is 

recommended to change directions mid-way through each driver’s stint, or at the 

quarter point of each stint. Testing has shown the lap times to be statistically 

indistinguishable between clockwise and counterclockwise directions for the GFR 

cars. 

 

Table 14 shows a statistical comparison between several metrics of course 

characteristics. These include: vehicle speed (corr speed), vehicle speed while 

cornering (corner speed), percent of time cornering, percent of time braking, percent 

of time at full throttle, and average throttle position. The criteria used to define a 
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cornering condition for the channels of corner speed and percent of time cornering is 

any time lateral G is greater than 1.2. The color in Table 13 denotes a maximum 

value in red, and a minimum value in blue. The asymmetric oval has a maximum 

value for the standard deviation of speed and a minimum value for the maximum 

cornering speed. The maximum value for the standard deviation of speed has been 

observed to match that of the competition courses for other laps compared.  All other 

metrics are bounded by the competition courses selected. This shows that the 

asymmetric oval is in the range of what would be expected at a FSAE competition 

course for all the metrics listed except the two noted above.  

 

Note: the average speed for all these competitions is above the SAE rules-specified 

maximum of 57 KPH. 

 

Figure 27 shows the percent of lap time spent in each 5 KPH bin of vehicle speed. 

The color key for Figure 27 is given by the colored markers next to the lap 

designation and above the lap time in Table 14. This is a visual representation of the 

distribution of speeds in each course. Looking at the speed distribution for the 

asymmetric oval, there is a higher percentage of time spent at the very high speeds 

(85-90 KPH) and very low speeds (30-40 KPH) than any of the other courses. There 

is also a higher percentage of time spent directly in the middle (55-65 KPH) due to 

the large radius corner. Although the asymmetric oval does not have the exact same 

distribution of speeds as the competition courses, it emphasizes the extremes of the 

competition courses while still spending more time at the average speed. This makes 

it an excellent simple test track because it requires performance at both ends of the 

spectrum of FSAE endurance courses as well as the majority of time at average 

speeds.  

 

With the asymmetric oval being within the statistical bounds of normal competition 

courses in Table 14, and having a speed histogram enveloping normal competition 

courses in Figure 27, the asymmetric oval meets the goal of replication of  typical 

FSAE autocross and endurance courses. 
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2.7. Summary 
 

Standard courses for FSAE testing were introduced and described in detail so any 

FSAE team can reproduce them. Analysis methods for the courses were given and it 

was explained how those analyses could be used. The standard testing courses and 

the analysis methods were shown relevant by using on-car data from the GFR FSAE 

cars. By using the courses and methods described in this paper, FSAE car 

performance can be universally compared and tracked. The courses also provide a 

method to verify simulations and evaluate changes in vehicle performance from 

tuning. 

 

Skid-pads of different diameter can be used to measure steady state cornering 

performance and predict cornering abilities on any radius of corner. Skid-pads are 

also shown to be a good way to verify accelerometer and yaw rate sensor accuracy 

and consistency. A reasonable value of the average space between the cones and 

the inside edge of the vehicle is 0.34 m.  

 

The staging distance and launch during an acceleration run is very important for good 

acceleration run times. Using accelerometer and speed data, power efficiency can be 

used as an effective tool to evaluate vehicle acceleration performance and losses. 

Slaloms may be approximated as a series of steady state corners, and average 

lateral acceleration and vehicle speed are predicted well.  Slalom run time and speed 

is very sensitive to the width of the car and the space between the cones and the 

inside edge of the vehicle. A cosine function may be used to get a closer than steady 

state estimation of the instantaneous performance during slaloms but is still limited in 

accuracy. 

 

Since the asymmetric oval was shown to represent typical FSAE competition courses, 

percentages of time differences seen should be scalable to predict effects on 

competition autocross and endurance lap times, as well as fuel efficiency. Historical 

competition data as well as the scoring formulas in the competition rules can be used 

to predict the effect on points scored at competition. 
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2.7.1. Future Work 

2.7.1.1. Simple Lap Time Simulation 
A simple lap time simulation of the asymmetric oval could be made by dividing up the 

straight line acceleration sections and steady state cornering sections and solving the 

equations in section 2.5 for time. By setting the velocity conditions equal at the 

transitions between each section so the velocity trace is continuous, the time can be 

calculated to travel each section, and then the time summed to predict a lap time. 

Acceleration values can be predicted by a tire or vehicle model, or may be derived 

directly from test data collected by running the standard skid-pads, acceleration and 

slaloms.  

 

Once a simulation is predicting lap times, sensitivities to basic changes in vehicle 

acceleration abilities can be analyzed to find the effect on lap time. This could answer 

basic questions such as: what effects will more horsepower have on lap time, what 

effect increased high or low speed cornering ability will have on lap time, and what 

effect will better slalom abilities have on lap time. For teams struggling with vehicle 

concept decisions, this information could be very valuable.  

 

The complexity of the simulation can be expanded as desired to include tire, engine, 

braking, suspension, and aerodynamic models. Model complexity is practically 

limitless. Having a simple course that is representative of competition courses allows 

track data to be compared to simulation data and is fundamental to simulation 

validation. Further information on vehicle simulation and validation can be found in 

[13, 16, 17, 18, 19, 20, 15]. 

2.7.1.2. Design of Experiments Tuning 
Design of Experiments (DOE) techniques could be used to study sensitivity of FSAE 

cars to tuning changes, drivers, and environmental conditions. The authors of [3] 

present an example of applying DOE techniques to improve FSAE vehicle 

performance, however the study did not fully define their autocross/endurance track 

layout, and it is unclear whether or not the course accurately represented typical 

FSAE courses. By using the standard course defined here, DOE studies that may 

take multiple days to complete such as environmental and road surface conditions 
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may be performed with confidence that the course is identical. This allows effects that 

are generally out of the control of the test designer to be better understood so that a 

more accurate calculation of error and confidence intervals can be made. 

2.7.2. Possible future rules change to Formula SAE 
If the Formula SAE rules committee was open at some point to a change in the 

competition dynamic events, it is recommended they consider the asymmetric oval or 

something very similar. It could serve as an additional event with points taken from 

autocross and/or endurance, or it could replace the autocross event altogether. A 

simple standard course such as the asymmetric oval would provide a much more fair 

evaluation of vehicle performance and reduce the effect of driver inequalities that is 

often complained about among teams. It would help equalize the field by allowing 

teams who have limited competition experience to design for and practice a defined 

course. Depending on the number of laps allowed, the event could be designed to fit 

in a time slot in the normal competition schedule alongside acceleration and skid-pad, 

or during/replacing the autocross event. 

2.8. Definitions/Abbreviations 
CG 

cm 

Center of Gravity 

Centimeter 

CFD Computational Fluid Dynamics 

DOE Design of Experiments 

FSAE Formula SAE 

GFR Global Formula Racing 

GPS Global Positioning System 

KPH 

m 

mm 

Kilometer Per Hour 

Meter 

Millimeter 

RPM Revolutions Per Minute 
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3. Using Suspension Member Forces from Strain Gauges to 
Measure Vehicle Dynamic Performance 

3.1. Abstract 
Instrumentation of all suspension member forces with strain gauge load cells is 

shown to be an extremely powerful tool for measuring vehicle performance and 

quantifying vehicle dynamic characteristics. The design and implementation of strain 

gauge load cells is described in detail to provide a template for reproducing similar 

results in other vehicles. Data from the Global Formula Racing (GFR) 2011 Formula 

SAE (FSAE) car is used throughout the paper to: show the design process for making 

effective suspension member load cells, show the calibration processes necessary to 

ensure quality data is collected, illustrate the calculation of suspension corner forces, 

and show the effectiveness of measuring vehicle dynamic characteristics with this 

technique. The methods described in this paper should provide data that allows a 

more complete and thorough understanding of on-car vehicle dynamics. This data 

may be used to validate vehicle models. 

3.2. Introduction 
Strain gauges have been commonly used in the upper levels of motorsport to 

measure vertical load on each corner of a vehicle. However, little is documented on 

the specifics of designing and implementing appropriate load cells for suspension 

members. There is also little documented on measurement of all suspension 

members on a corner of a vehicle for analyzing all the forces and moments coming 

from the outboard. This paper will seek to fill those voids, as well as use four fully 

instrumented corners to analyze the contribution of each corner to the total forces and 

moments acting on the vehicle body from the suspension. This method is shown to 

be an effective tool for analyzing and validating vehicle dynamics. 

 

This paper will focus on application to Formula SAE (FSAE) cars, which are the 

source of data in this paper; however, the techniques shown may be applicable to 

many other vehicles. The vehicle used in all examples in this paper is the Global 

Formula Racing (GFR) 2011 combustion car. The suspension on the GFR car is a 
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short-long arm (SLA) type at all four corners. In order for the methods in this paper to 

be applicable, the suspension system must be a truss structure composed of uniaxial 

loaded members. 

 

In order to get quality data out of instrumenting suspension links with strain gauges, 

the suspension link design, data acquisition system choice, strain gauge choice, and 

strain gauge bridge configuration must all be considered. This paper seeks to simplify 

literature on strain gauge selection and implementation and explain the critical 

information for selecting and implementing uniaxial strain measurement suitable for 

vehicle suspension links.  

 

The information provided is intended to be sufficient to replicate the results presented 

in this paper. Included in this paper are:  

• A description of the basic data system used and the requirements needed to 

replicate the results. 

• A design process for making custom suspension member load cells and an 

analysis of accuracy of the implemented design. 

• A method for calculation of suspension corner forces from all the suspension 

load cells and suspension position data.  

• A calibration and system accuracy verification process necessary to ensure 

quality data is collected. 

• An analysis of vehicle dynamic characteristics using the data measured with 

this technique. 

Recommendations are made throughout the paper based on the experience gained 

through implementation. 

3.3. Data Acquisition System 
The first step to collecting useful data is selecting an appropriate data acquisition 

system. Several authors such as Segers [7] and Brown [21] discuss typical 

requirements for motorsports data acquisition systems and Alford [22] discusses 

considerations specific to low budget FSAE teams. When selecting data acquisition 

systems, it is important to consider the end user of the data and the labor required to 
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get them the data they need. If the goal is to make the data accessible to many 

people to interpret, or to analyze new data quickly after collection, the software may 

be more significant than the hardware specifications. 

 

This section will briefly discuss the data acquisition system used on the GFR 2011 car 

for all data shown in this paper to illustrate the relevant requirements of a system 

needed to duplicate these results. 

3.3.1. Hardware 
The data logger used in this paper is a MoTeC ACL (Advanced Central Logger). This 

logger is connected via a CAN (Controller Area Network) bus to four MoTeC VIMs 

(Versatile Input Modules) which provide analog-to-digital (A/D) conversion and 

sampling. There are four VIMs used simultaneously, one for every corner. The 

sampled values are transmitted on the CAN bus to the ACL where they are stored 

and further calculations can be performed. 

3.3.1.1. Input Type 
The type of analog input that must be used to measure strain gauge load cells are 

called differential inputs. They measure the voltage differential between two wires, as 

opposed to single wire analog inputs that measure the voltage between one signal 

wire and a common ground. Differential inputs allow the absolute voltage of two wires 

to be non-zero and vary together while precisely measuring the difference between 

the two wires. This is necessary to measure the very small voltage output �% (in the 

µV range) of a Wheatstone bridge as shown in section 3.4.3.1. 

3.3.1.2. Voltage Supplies 
All quality data acquisition systems should provide regulated voltage supplies and 

grounds so that the voltage differential used for sensor excitation is held constant 

independent of resistance load. This is necessary for the measured output voltage of 

sensors to be consistent. With strain gauges the voltage output varies linearly with 

the voltage supply	��. With the hardware used in this paper, the voltage supply is 

regulated to 5 volts up to a 0.2 Ampere limit. 
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3.3.1.3. Analog-to-Digital Conversion 
Analog-to-digital (A/D) conversion defines the number of discrete voltage increments 

that a data acquisition system can measure. The difference between these discrete 

increments is the voltage resolution	���#C, which is also known as the minimum 

voltage step or the least significant bit voltage.	
���#C = �$"DE#2F 										(12) 

In Eq. 12, �$"DE# is the measurable voltage range, and G is number of bits used in the 

A/D conversion. Since the voltage outputs of Wheatstone bridges are typically so 

small, a voltage amplifier is commonly used prior to A/D conversion that effectively 

magnifies the voltage resolution and decreases the voltage range for the A/D 

conversion. For an A/D measurable voltage range that is normally the full voltage 

supplied,	��, the voltage range will change as a function of the amplification gain	H: 

�$"DE# = ��H = ��2I 										(13) 
Amplification gain	H may also be expressed in amplification levels	J as also shown in 

Eq. 13. For no amplification, the gain is equal to one and the gain level is zero. The 

differential voltage inputs used in this paper have 15 bit plus sign A/D converter and a 

maximum gain level of 6. Imputing these numbers into Eq. 12 and Eq. 13, the voltage 

range at this gain is ±78.1 millivolts (mV) and the minimum voltage step is 2.38 

microvolts (µV). 

3.3.1.4. Wiring and Shielding 
Proper wiring and shielding techniques are important to obtaining quality results with 

the small voltages produced by strain gauges. Electromagnetic interference (EMI) can 

be an issue on any vehicle, especially FSAE cars because of the low amount of metal 

used and the small physical size of the car. EMI will be different for every vehicle 

application, and without performing a study of EMI, it is not possible to know how 

significant it will be. The easier and safe approach is to use the best shielding and 

wiring techniques available. A wire similar to Mil-spec number M27500 is 

recommended. Mil-spec M27500-24ML2T08 was used on the GFR car. 
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Four wires are required between a strain gauge load cell and a data acquisition 

system, two for differential voltage measurement and two for voltage supply. The best 

practice is to use shielded twisted pair wire for each pair of supply and measurement 

wires. Loops in wires should be avoided, and the shielded jackets should be 

grounded at one end only. These techniques were used on the GFR11 car and 

substantially reduced the signal noise observed the previous year when these 

guidelines were not observed. Additionally, the four VIMs used on the GFR11 car are 

placed on each corner to reduce wire lengths and subsequently EMI compared to a 

centrally mounted logger. A more thorough discussion of shielding, EMI, and 

appropriate wiring techniques is given in [23]. 

3.3.2. Software 
Since many people in FSAE teams need to be able to analyze and interpret new 

data, and sometimes this must happen quickly after collection, a large emphasis has 

been placed on user friendly data analysis software.  The MoTeC data analysis 

software i2 Pro used in this paper is a very powerful and easy to use tool for handling 

and visualizing large amounts of data quickly. Data channels can be plotted and 

organized on a per lap basis, and math functions can be created to calculate new 

channels based on the logged data. However, i2 Pro is somewhat limited in its ability 

to do complex math calculations such as matrix and vector math in comparison to 

MATLAB. These limitations have been accepted or worked around in this paper in the 

interest of using i2 to keep all data easy to analyze and compare for anyone.  

3.3.3. Sensors 
A list of all relevant sensors logged on the GFR11 car as well as the type of sensor 

used, the sampling rate used, and the logging device used is given in Table 5 for 

reference. The sensors required for the corner force calculations in this paper are 

indicated in the table with an asterisk. 
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Table 5: Sensor specifications for GFR11 

 

3.3.4. Sampling Frequencies 
Low and high frequency are very relative terms. When discussing generalizations in 

this paper the separation shall be above and below 50Hertz (Hz).  

 

If the measured signal high frequency content, or unknown frequency content, it is 

always robust to log as fast as possible and then reduce sampling rates once the 

frequency content of the signal has been identified. However, it is also important to 

understand the frequency limitations of the sensors being used. Just because no high 

frequency content is observed on a sensor signal does not necessarily mean there is 

no high frequency content in the mechanical signal. All sensors have a frequency 

range within which they provide the correct magnitude of results and outside of which 

they tend to decrease their output magnitude. This “roll-off” from sensor limitation can 

be indistinguishable from the end of normal mechanical frequency content in 

collected data. A good discussion of sample rate selection and common mistakes is 

given in [24]. 

 

When only some of the frequency content of a given signal is relevant to the desired 

analysis, digital filters may be applied to highlight desired content. It is important to 

understand that there are many types of digital filters. They can dramatically affect 

the conclusions drawn from data because they limit frequency content near their 

critical frequency in significantly different ways. A good discussion of basic filtering 

techniques is given in [25].  

Data Channels Provided                          
(* = Required)

Data 
Channel 

Units

Logging 
Frequency 

(Hz) Sensor Type: Input Type
*Suspension Forces for All 24 Links N 500 Strain Gauges VIM Differential ±78mV
*Damper Position for All 4 corners mm 1000 Linear Potentiometer VIM Fast Analog 0-5V
*Steered Angle ° 500 Steering Potentiometer VIM Fast Analog 0-5V
Yaw Velocity and Yaw Acceleration °/s 200 Yaw Rate CAN
Lateral & Longitudinal Acceleration G's 100 Accelerometer CAN
Wheel Speed for All 4 corners kph 100 Hall Effect Engine ECU
Throttle Position % 100 Throttle Potentiometer Engine ECU
Engine RPM RPM 100 Magnetic Induction Engine ECU
Brake Pressure Front & Rear kPa 500 3 wire Presure VIM High Accuracy 0-5V
GPS Speed + Lat & Long Position kph 50 GPS RS232
FL & RL Upright Acceleration G's 500 Accelerometer VIM Fast Analog 0-5V
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All signals that have been measured by the VIMs have had an anti-aliasing filter 

applied. The anti-alias filter averages out signal variations in between logged values 

to ensure that unrepresentative values are not logged. The number of points 

averaged depends on the update rate of the VIM input. Differential inputs average 

values logged at 1000 Hz, Fast Analog at 40 kHz, and High Accuracy at 500 Hz. This 

causes a phase shift of half the time between logged samples, but channels logged at 

the same rate are delayed by the same amount, which negates the effect when 

comparing these channels. 

3.4. Load Cell Design & Strain Gauge Selection 
The ideal load cell design would output a voltage at maximum and minimum load that 

would use the full voltage range of the A/D conversion hardware. As discussed in 

section 3.3.1, for the equipment used in this paper, the voltage range is ±78 mV for 

the highest resolution gain. Since the maximum and minimum load seen in each link 

is different, ideally the load cell design would be different for each link. This is not 

practical to achieve for most FSAE teams because it would require custom machining 

and calibration of every suspension link. However, it does illustrate that the team 

must first have a good estimation of the loads that are expected to be seen in each 

link of the suspension. 

 

The electrical output of strain based load cells is caused by change of resistance in a 

Wheatstone bridge circuit. Strain gauges change resistance from a nominal value as 

a function of their deformation (strain) and can be bonded to many materials. The 

combination of the two can create a device that produces a voltage differential based 

on the mechanical strain of a material. When the strain and the material stiffness 

properties of the material are known, then the load applied can be calculated. 

 

This section explains how a uniaxial load cell may be designed into a typical FSAE 

suspension link. Design parameters are manipulated to affect the voltage output of 

the load cell, and load cell sensitivity is calculated. 
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3.4.1. Load Estimation in Suspension Members 
Loads in each suspension member may be estimated by imposing a combination of 

lateral, longitudinal, and vertical accelerations on the vehicle CG and assuming the 

individual lateral and longitudinal tire forces are a linear function of vertical load. 

Using the vehicle geometry, load transfer can be calculated, and then using the 

previous assumption, the 3 DOF tire forces acting at the contact patch are known. 

Using the suspension geometry, the loads in each member of the suspension can be 

solved using static equilibrium equations by assuming the suspension is in a fixed 

position and all members are axially loaded only.   

 

Most FSAE teams have a way to estimate suspension member loads that is similar to 

the method described above or better. Table 6 shows the result of these calculations 

for the worst case loading conditions the GFR 2011 suspension is expected to see. 

Tensile forces are positive, and compression forces are negative. The red and blue 

cells indicate forces within 10% of the maximum and minimum respectively for each 

suspension member. The load range gives the difference between those maxima and 

minima. From this, some suspension members have over 10 times the load range of 

the minimum load range.  

 

The zero point for all loads are taken when the body of the vehicle is supported and 

un-sprung masses hang from the sprung mass. Thus, the static case where the 

vehicle sits of its four tires with zero acceleration (other than gravity) produces loads 

in all the suspension links. 
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Table 6: Suspension member forces for common maneuvers 

 

3.4.2. Gauge Section Design 
The gauge section is the region of the suspension member where the strain gauge is 

attached. The cross sectional area must be constant in this region in order to 

calculate load from the measured strain. Also, the cross-sectional area adjacent to 

the gauge section should be constant for a distance sufficient to allow uniform stress 

Acceleration 
Parameters Accel

Corner 
Exit

Corner 
SS

Corner 
Entry Brake 3G Bump Static

Longitudinal Gs 1.2 0.8 0 -1 -1.8 0 0
Lateral Gs 0 1.5 2 1.5 0 0 0

Vertical Gs 0 0 0 0 0 3 0

Suspension 
Member: Acceleration

Corner 
Exit

Corner 
SS

Corner 
Entry Brake 3G Bump Static

Load 
range

LF
Front Upper Tube -419 135 59 -1338 -3602 -3196 -799 3737
Rear Upper Tube -733 161 65 -564 75 -5599 -1400 5761
Front Lower Tube 29 -179 -90 2924 8787 224 56 8966
Rear Lower Tube 127 -21 -8 -1938 -9915 967 242 10881
Pull Rod 1089 -209 -81 1375 3562 8312 2078 8521
Tie Rod -25 18 9 83 936 -188 -47 1124
RF
Front Upper Tube -419 -239 99 -1927 -3602 -3196 -799 3700
Rear Upper Tube -733 -1587 -2002 -620 75 -5599 -1400 5674
Front Lower Tube 29 -2609 -4891 2236 8787 224 56 13678
Rear Lower Tube 127 381 545 -6709 -9915 967 242 10881
Pull Rod 1089 2829 3852 4214 3562 8312 2078 7224
Tie Rod -25 148 306 935 936 -188 -47 1124
LR
Front Upper Tube 1731 442 5 133 -645 -718 -180 2449
Rear Upper Tube -2057 -1324 78 113 466 -684 -171 2522
Front Lower Tube -3473 -913 -10 -270 1338 1671 418 5143
Rear Lower Tube 2940 2140 -150 -342 -148 3630 908 3972
Push Rod -1430 -596 44 152 -369 -4021 -1005 4173
Toe Link 870 310 -4 55 -371 -600 -150 1470
RR
Front Upper Tube 1731 1713 -424 -1537 -645 -718 -180 3268
Rear Upper Tube -2057 812 3747 3048 466 -684 -171 5804
Front Lower Tube -3473 -3265 1154 3314 1338 1671 418 6786
Rear Lower Tube 2940 -1461 -4871 -3272 -148 3630 908 8501
Push Rod -1430 -1706 -1568 -1181 -369 -4021 -1005 3652
Toe Link 870 439 -848 -1181 -371 -600 -150 2050

Vehicle mass :  265 kgSuspension Link Forces (Newtons)
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and strain in the gauged region. In general an adjacent space the length of one 

gauge to each side of the gauge should be sufficient; however, in order to be sure 

stress and strain are uniform for complex geometries, FEA analysis may be 

necessary. 

 

Given a known load, the strain K on a uniaxial loaded member of cross-sectional area � from load L is: 

K = LM�										(14) 
where M is the modulus of elasticity in the direction of the gauge of the loaded 

material. Eq. 14 shows that if the team is interested in increasing load cell sensitivity 

by increasing the amount of strain for a given force, that the value of either the 

modulus of elasticity or the cross-sectional area must be decreased. Unfortunately, 

both of those are limited by failure criteria for the expected loads. Since buckling is 

the failure mode for all normal uniaxial compression loaded suspension members, 

large diameter thin walled tubes are a natural choice if a single cross-section is used.  

 

Alternatively, two cross sections may be used, with a short thin walled cross section 

being used for the gauged section to produce high strains in that region. This shorter 

section increases the critical buckling load so that cross-sectional area can be 

reduced. This results in a higher sensitivity load cell. This design also has the added 

benefit of being able to control the total stiffness of the member by using a stiff 

section of material to make up for the purposefully low stiffness gauge section.  

 

Final gauge section selection must be evaluated for every application as it is highly 

dependent on vehicle and suspension geometry. For the GFR 2011 car it was 

concluded to use single cross-section steel tubular members of 12.7 mm (0.5 in) 

diameter and 0.71 mm (0.028 in) wall thickness for most loads. The exception being 

the front lower members as seen in Table 6, which were made from 15.9 mm (0.625 

in) by 0.89 mm (0.035 in) tubes. These are cross-sectional areas of 41.85 and 26.79 

square mm for the large and small tubes respectively. These members were a 

compromise in robustness, compliance, and manufacturing time and cost.  
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3.4.3. Strain Gauge and Bridge Selection 

3.4.3.1. Wheatstone Bridge Basics 
In order to measure the resistance change of a strain gauge, a circuit known as a 

Wheatstone bridge is used. The electrical configuration of a Wheatstone bridge is 

shown in Figure 10. Between 1 and 4 strain gauges may be used in place of the four 

resistors: R1, R2, R3, and R4. If a strain gauge is not used in a branch, then a 

precision resistor must be used with the same nominal resistance and tolerance as 

the strain gauge being used. 

 

 

Figure 10: Electrical configuration of Wheatstone bridge 

 

The voltage output �% of a Wheatstone bridge is a function of the supply voltage 

exciting the bridge	��, and the resistance values of the four resistors	�:, 	��, �O, �P: 
�% = �� < �O�O + �P − ���: + ��=										(15) 

In a load cell at least one of these resistors is a strain gauge. 

3.4.3.2. Effect of Different Strain Gauges 
The gauge factor HQ is a term used to describe the change in resistance of a strain 

gauge in response to strain. The higher the value of the gauge factor, the more 

sensitive the strain gauge is. 

HQ = ∆�K�S 									(16) 
In Eq. 16, �S is the nominal resistance of the strain gauge, and ∆� is the change in 

resistance of the strain gauge. Gauge factors are primarily determined by the material 
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used to construct the gauge and are manufacturer dependent. The oldest and most 

common type is made of constantan alloy which has a gauge factor of approximately 

2.1. Precise gauge factors, the gauge factor tolerances, and the thermal 

characteristics should come as part of the documentation with each lot of strain 

gauges purchased. Further details on strain gauge materials and applications may be 

found in [26] 

 

Gauges generally come in three nominal resistances: 1000, 350, and 120 ohm. Since 

the nominal value of all resistors in a Wheatstone bridge must be equal, the nominal 

resistance value does not affect the bridge output in Eq. 15. Section 3.4.3.3 shows 

the bridge output equations that do not include gauge nominal resistance. 

 

Higher resistance strain gauges draw less current and therefore consume less power 

for a given excitation voltage. The power consumed is turned into heat in the gauges 

known as thermal output. Thermal output can increase error. The gauge dimensions, 

and thermal properties of the structural material should both be considered during 

gauge selection in order to optimize voltage excitation and manage thermal output. A 

thorough discussion of the tradeoffs is given in [27]. Additionally, compensation is 

discussed in [28]. 

 

The two strain gauge types selected for use in this paper are Vishay Micro-

Measurements 350 ohm (EA-06-125-TG-350) and 1000 ohm (EK-06-125TG-10C/DD) 

with nominal gauge factors of 2.12±1.0% and 2.02±1.5% respectively. These gauges 

are both 90 degree tee rosettes with a common solder tab between the two sections. 

This gauge arrangement makes the bonding and wiring process considerably faster 

than using individual gauges. These gauges were selected in part due cost and 

availability constraints.  

3.4.3.3. Bridge Selection 
Since the interest lies in measuring only uniaxial load, there are only four different 

kinds of bridge configurations applicable. Table 7 gives a comparison of the different 

bridge configurations and gives equations for the bridge output as a function of the 

supply voltage. These equations are derived directly by solving Eq. 16 for ∆� and 
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substituting into Eq. 15 as appropriate for each bridge configuration. Gauges oriented 

perpendicular to the normal load/strain react by the Poisson’s ratio:	T. The strain K in 

Eq. 16 is simply multiplied by the Poisson’s ratio for the material when incorporating it 

into Eq. 15. The resistor numbering in Figure 10, Eq. 15, and Table 7 all match so the 

equations can be compared directly to both the electrical and mechanical 

configuration. 

 

The sensitivities listed in Table 7 are the rounded output of evaluating the bridge 

output equations for a gauge factor of 2, a poisson ratio of 0.3, and a strain of 1000 

µϵ (0.001). This gives a comparable evaluation of the output of the different bridge 

configurations, although these precise numbers are only valid for a Karma alloy strain 

gauge on steel	(HQ = 2, U = 0.3). The same is true for the nonlinear output of the 

bridges listed. Details on calculations of corrections for bridge non-linearity are 

discussed in [29]. 
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Table 7: Bridge configurations 

 

 

3.4.3.4. Additional Gauge Errors 
Even with the correctly selected strain gauge for matching the thermal characteristics 

of the base material, there are additional errors associated with strain gauges. Strain 

gauges are subject to variation in gauge factor from temperature, variation in 

resistance from thermal output, and variation from surface curvature. Correction 

methods for these issues are discussed in a Vishay Tech Note [28]. These factors will 
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affect the output of even a full bridge configuration, but a full bridge does do some 

compensating automatically. Thermal and surface curvature compensations were not 

used in the data shown in this paper. 

3.4.4. Calculation of Load Cell Output and Resolution 
Looking at the bridge output equations in Table 7 and substituting in Eq. 14 for strain 

reveals that the only factors which effect bridge output for a given bridge type are: 

supply voltage ��, gauge factor HQ, load L, cross-sectional area �, the modulus of 

elasticity M, and Poisson’s ratio T. Several plots that show the interactions of these 

variables around the nominal values used on the GFR 2011 car are given in 

Appendix C: Load Cell Sensitivities to Gauge Factor, Bridge Type, & Material, Versus 

Area & Load.  

 

The plots of Figure 28, Figure 29, and Figure 30 are bridge output versus load for a 

set cross-section of 30 square mm. These show linear relationships between 

variables of gauge factor, bridge type, material type and load. In Figure 31, Figure 32, 

and Figure 33, the same plots are shown as a function of cross-sectional area. These 

show that cross-sectional area is inversely proportional to variables of gauge factor, 

bridge type, and material type. By linearly scaling and cross referencing between 

these plots, the bridge output for any combination load and area combination may be 

found within the linearity of the equations. With the data points ending at the yield 

point in Figure 33, the highest bridge output for the materials considered is clearly 

6Al-4V titanium. However, if the minimal cross-sectional area is limited by a design 

constraint such as buckling, then 6061 aluminum may be the best choice. 

 

The calculated output of the load cell (bridge) can then be used with information 

about the data acquisition hardware as described in section 3.3.1 to calculate the 

minimum load resolution of the A/D system	L/'D:  

L/'D = ���#C�% 										(17) 
where	�% is the load cell output per unit load. To use GFR 2011 as an example, the 

characteristic curves in Figure 31, Figure 32, and Figure 33 for a full bridge, 4130 
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steel, and a gauge factor of 2.1 give bridge sensitivity as a function of cross-sectional 

area as sensitivity of: �%�� = 65.768� �((� 10	WX ∙ (�Z � = 6.5768 × 109[� �((� X ∙ �Z �										(18) 
Solving Eq. 17 for load cell output �% and substituting into Eq. 15 gives us a final 

equation for load resolution L/'D as a function of cross-sectional area	�: 

L/'D = ���#C ∙ ��� ∙ 6.5768 × 109[ (X)										(19) 
For the large and small diameter tubes of GFR 2011 with cross-sectional areas of 

41.85 and 26.79 square mm, the supply voltage	�� of 5 volts, and the minimum 

voltage step	���#C = 2.38 × 109[ volts, the load resolution is 3.03 and 1.94 N per 

voltage step respectively. 

 

In order to check that the load in the suspension members will actually use a 

significant number of voltage steps, each of the load cases from Table 6 may be used 

to calculate load cell output voltage for each case. It is important to use the correct 

cross-sectional area for each member in this calculation. The result is shown in Table 

8. The output voltage has been color keyed to indicate the number of voltage steps in 

each condition. If a particular suspension member had a low number of voltage steps 

(red and blue) in all the load cases, it would indicate that perhaps a higher sensitivity 

load cell would be needed. The maximum voltage differential is also color keyed to 

warn in the case that the bridge output is outside the A/D measurement range. 

Looking over Table 8, all suspension members have between 1,000 and 10,000 load 

steps through the full range of loads they see, except for the tie rods. The tie rods and 

toe links would be good candidates for higher sensitivity load cells if one were 

developed. 
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Table 8: Load cell output voltage calculated from Table 6 member forces 

 

3.5. Calibration of Suspension Links 
Once a suspension member strain gauge load cell design has been selected, each 

design should be calibrated to ensure correct results of the designed system. This 

may be done using a tensile/compression testing machine with a calibrated load cell if 

one is available, or by hanging/stacking known mass on a link and using gravity to 

Volts (V)

Bridge Supply 
Voltage (Vs): 5 2.38E-05

Resistors: 0.20% 2.38E-04

Maximum Error: 0.02 Able to 2.38E-03
2.38E-02

7.81E-02

Suspension 
Member: Accel

Corner 
Exit Corner SS

Corner 
Entry Brake 3G Bump No load

Voltage 
Range

LF
Front Upper Tube -5.15E-04 1.66E-04 7.23E-05 -1.65E-03 -4.43E-03 -3.93E-03 -9.83E-04 4.60E-03
Rear Upper Tube -9.02E-04 1.98E-04 7.99E-05 -6.94E-04 9.23E-05 -6.88E-03 -1.72E-03 7.08E-03
Front Lower Tube 2.32E-05 -1.41E-04 -7.07E-05 2.30E-03 6.92E-03 1.77E-04 4.41E-05 7.07E-03
Rear Lower Tube 9.97E-05 -1.65E-05 -6.06E-06 -1.53E-03 -7.80E-03 7.61E-04 1.90E-04 8.56E-03
Pull Rod 1.34E-03 -2.57E-04 -9.94E-05 1.69E-03 4.38E-03 1.02E-02 2.56E-03 1.05E-02
Tie Rod -3.03E-05 2.26E-05 1.07E-05 1.02E-04 1.15E-03 -2.31E-04 -5.78E-05 1.38E-03
RF
Front Upper Tube -5.15E-04 -2.93E-04 1.21E-04 -2.37E-03 -4.43E-03 -3.93E-03 -9.83E-04 4.55E-03
Rear Upper Tube -9.02E-04 -1.95E-03 -2.46E-03 -7.63E-04 9.23E-05 -6.89E-03 -1.72E-03 6.98E-03
Front Lower Tube 2.32E-05 -2.05E-03 -3.85E-03 1.76E-03 6.92E-03 1.77E-04 4.41E-05 1.08E-02
Rear Lower Tube 9.97E-05 3.00E-04 4.29E-04 -5.28E-03 -7.80E-03 7.61E-04 1.90E-04 8.56E-03
Pull Rod 1.34E-03 3.48E-03 4.74E-03 5.19E-03 4.38E-03 1.02E-02 2.56E-03 8.90E-03
Tie Rod -3.03E-05 1.81E-04 3.77E-04 1.15E-03 1.15E-03 -2.31E-04 -5.78E-05 1.38E-03
LR
Front Upper Tube 2.13E-03 5.44E-04 6.64E-06 1.64E-04 -7.93E-04 -8.83E-04 -2.21E-04 3.01E-03
Rear Upper Tube -2.53E-03 -1.63E-03 9.59E-05 1.39E-04 5.73E-04 -8.41E-04 -2.10E-04 3.10E-03
Front Lower Tube -4.27E-03 -1.12E-03 -1.18E-05 -3.33E-04 1.65E-03 2.06E-03 5.14E-04 6.33E-03
Rear Lower Tube 3.62E-03 2.63E-03 -1.85E-04 -4.20E-04 -1.82E-04 4.47E-03 1.12E-03 4.89E-03
Push Rod -1.76E-03 -7.34E-04 5.45E-05 1.87E-04 -4.53E-04 -4.95E-03 -1.24E-03 5.13E-03
Toe Link 1.07E-03 3.81E-04 -5.17E-06 6.78E-05 -4.56E-04 -7.39E-04 -1.85E-04 1.81E-03
RR
Front Upper Tube 2.13E-03 2.11E-03 -5.21E-04 -1.89E-03 -7.93E-04 -8.83E-04 -2.21E-04 4.02E-03
Rear Upper Tube -2.53E-03 9.99E-04 4.61E-03 3.75E-03 5.73E-04 -8.41E-04 -2.10E-04 7.14E-03
Front Lower Tube -4.27E-03 -4.02E-03 1.42E-03 4.08E-03 1.65E-03 2.06E-03 5.14E-04 8.35E-03
Rear Lower Tube 3.62E-03 -1.80E-03 -5.99E-03 -4.02E-03 -1.82E-04 4.47E-03 1.12E-03 1.05E-02
Push Rod -1.76E-03 -2.10E-03 -1.93E-03 -1.45E-03 -4.53E-04 -4.95E-03 -1.24E-03 4.49E-03
Toe Link 1.07E-03 5.41E-04 -1.04E-03 -1.45E-03 -4.56E-04 -7.39E-04 -1.85E-04 2.52E-03

Outside Voltage Range:

Calculations assume a normally 
balanced bridge based on the Resistor 

used in the Gauge Calculation
Voltage of bridge output (Vo)

Full Wheatstone Bridge Voltage 

Less than 10x voltage step:

Between 10x and 100x voltage step:
Between 100x and 1000x min voltage 

Between 1000x and 10000x voltage step:
Between 10000x  voltage step and max:
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produce a known load. Ideally, self-designed suspension member load cells should 

be tested through their entire expected load range and calibrated using the same 

data acquisition equipment that will be used on the vehicle. An example of measured 

calibration data with applied loads from a tensile/compression testing machine is 

shown in Figure 34 of Appendix D: Measured Load Cell Calibration Data. 

 

Figure 11 and Figure 12 are shown below to illustrate the finalized GFR load cell 

design for the 12.7 mm (0.5 in) diameter (26.79 mm^2) suspension member tubes as 

implemented. 

 

 

Figure 11: Fully bonded and wired strain 
gauge section 

 

Figure 12: Completed strain gauge 
section with heat shrink encapsulation 

3.5.1. Sensitivity Calibration and Zero Offset 

3.5.1.1. Variation in Calculated Sensitivity 
The ideal slope of the linear fits in Figure 34 would match the sensitivities calculated 

in section 3.4.4 for the two different cross-sectional areas used. At the 5 volts supply 

voltage and a gauge factor of 2.1, the 41.85 and 26.79 square mm sizes have a 

calculated slope of 1.27 and 0.815 mV/kN respectively. Figure 34 shows the distinct 

difference in slope between the two cross-sectional areas as expected; however, the 

measured slopes are up to eight percent off from the predicted values, and all lower 

than predicted. Much of this error can be accounted for by gauge factor variation and 

eliminated with more thorough calculations, but calibration of a finished load cell 

design is necessary to account for all manufacturing variation.  

 

The observed difference in the slope of the linear fits between the two different gauge 

resistances can be mostly attributed to the difference in the quoted gauge factors and 
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the gauge factor tolerances. From section 3.4.3.2, there is a five percent difference in 

gauge factor between the 350 and 1000 ohm gauges. Accounting for this difference 

puts the calibrations within one percent of each other. The remaining three percent 

lower measured sensitivity than calculated is hypothesized to be mostly from cross-

sectional area tolerance. It is also possible the heat shrink encapsulation as seen in 

Figure 12 may be effectively increasing the local stiffness of the suspension member. 

In any case it is accounted for in the measured calibration. 

3.5.1.2. Zero Offset 
The voltage offset at zero load seen in Figure 34 means that the bridge is not 

perfectly resistance balanced in the unloaded state. Some amount of this voltage 

offset is unavoidable due to gauge tolerances and the inconsistencies in bonding the 

strain gauges to a surface. This voltage offset can be nulled (zeroed) within most data 

acquisition systems for each load cell so that the zero applied load case (or any other 

load case) results in a zero load reading. However, the voltage range that the A/D 

conversion will measure is unaffected, which means that the maximum and minimum 

force readings that the system will measure will not be symmetric about zero. This is 

normally not an issue, but can be if the full voltage range is being used for the 

expected loads. Using Table 8, it can be seen that none of the expected loads 

produce voltages that are within the 11 mV offset seen as the worst case in Figure 

34. This voltage offset should be checked for each suspension link to ensure it is not 

a problem.  

3.5.2. Calibration Error 
In Appendix D: Measured Load Cell Calibration Data, Figure 35 shows percentage 

error between measured load and applied load as a function of applied load. The data 

was taken using the same calibration for four different suspension members that are 

identical by design specification. Each member was nulled at zero applied load and 

then load was cycled several times and measured at several points. Figure 35 shows 

less than one percent error for any of the links for loads greater than 1 kN. This was 

interpreted as showing that despite the acumination of all manufacturing errors, there 

was still a high degree of consistency between the outputs of the complete self-made 

load cells.  
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Below 1 kN, Figure 35 shows much less consistency in error readings: up to nine 

percent error. Since the error is not even consistent on a single link, the error does 

not seem to be calibration related. Possible causes of this kind of error include, EMI, 

strain hysteresis from the heat shrink used to encapsulate the gauged section, and 

thermal effects causing drift. The worst case error observed was nine percent, and 

this was only a nominal difference of eighteen Newtons.  

3.5.3. Thermal Effects 
Both absolute temperature and thermal gradients across the strain gauges were 

observed in testing to cause some voltage offset at zero applied load. The worst case 

observed was 0.18 mV (equivalent to 150 N). If the temperature of each gauge 

section is known, most of this drift can be compensated with techniques from [28], or 

by manually calibrating the relationship. This could be accomplished by embedding 

thermocouples with the strain gauges on each suspension link, but attempting this 

would have exceeded the data acquisition inputs available on the GFR car. It was 

observed that a large source of temperature variation between the suspension links 

on the GFR car was due to thermal radiation from exposure to sun or shade. To 

combat this, the suspension members were covered in a gold reflective foil to 

minimize thermal variation between different suspension links, as well as thermal 

gradients within the links. 

3.6. Body Forces from Suspension Links 
By using all the measured loads from all six links of a corner of suspension, and 

knowing the xyz components of the vector direction that each link points, the forces 

may be summed to calculate total xyz forces acting on the body of the vehicle for 

each corner. These forces are not exactly the same as the forces at the tire contact 

patch since there are inertial forces associated with the motion of the un-sprung 

mass, but they are the forces that act on the sprung mass by the un-sprung masses. 

Calculating corner forces from suspension link forces starts to make full corner 

suspension forces very useful for evaluation of vehicle dynamic performance. 
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3.6.1. Vehicle Axis System 
The axis system used in this paper is taken to match the CAD model in which all 

vehicle kinematics were computed.  This is the ISO vehicle coordinate system. The 

difference from the conventional SAE axis system shown in Figure 13 is that the 

vertical z axis is defined as positive up from the driver’s perspective. Since the axis 

system is still right handed, this flips the positive sign of the lateral y axis to be left 

positive from the driver’s perspective. The coordinate system used in this paper is 

pictured in Figure 14 and is centered on the full vehicle CG. 

 

 

Figure 13: SAE vehicle axis system [30] 

 

Figure 14: GFR body axis system used in 
this paper 

3.6.2. Calculation of Suspension Member Direction Vectors 
In order to calculate xyz corner forces, the force magnitude measured in each 

member of the suspension must be broken into its xyz vector components. To do this, 

the direction that each suspension link is pointing needs to be known. Since the 

direction each link is pointing changes as a function of suspension travel, it is best if 

the suspension kinematics are used to calculate direction functions for each link. 

3.6.2.1. Fixed versus Moving Suspension 
When estimating loads in suspension members for load cell design earlier in this 

paper (section 3.4.1) it was assumed that the suspension was fixed, and did not 

travel relative to the body. Since the goal was simply to estimate loads to design the 

load cells and not determine precise numbers, this approximation was acceptable. 

Now that the true loads are desired based off the load cells, the suspension and 

steering travel need to be accounted for to get the best data.  
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If there is not any anti-dive or anti-squat in the suspension, then not accounting for 

suspension travel will still give close numbers for lateral and longitudinal forces, but 

the vertical forces will be off significantly.  As an example, consider a single 

suspension member that travels ±5 degrees in the front view from level. Given that sin(5°) = 0.087 and	cos(5°) = 0.996, the y axis force predicted with the fixed 

suspension will only have up to 0.4% error from the true value. However, the vertical 

load predicted with the fixed suspension is zero (level=pure lateral), while it is truly up 

to 8.7% of the force in the link. Due to the properties of trigonometric functions, the 

more inclined the suspension members are in front view, the more significant the 

error will be. 

3.6.2.2. Data from Kinematics 
Using CAD and kinematic analysis software, measurements can be taken for the in-

plane angle of each suspension link relative to the x, y, and z axes for a series of 

suspension positions. The angles can be turned into x, y, and z components for a unit 

vector. This data can then be used in lookup vectors (1D table) as a function of 

suspension travel. For the front suspension it is necessary to repeat the process for 

steering angle as well, which results in a lookup matrix (2D table). Due to caster and 

kingpin effects moving the z position of the contact patch with steering, the steering 

angle will affect the angles of all front suspension members slightly. Table 9 shows an 

example of lookup matrix for the upper front suspension member of the front right 

suspension corner. 

 

A lookup matrix or vector should be created for each x, y, and z direction of each 

suspension member for a total of 18 tables per corner, 72 for the whole car. The 

analysis software can then use the measured channels of suspension position and 

steering angle to calculate the component direction of every single link of the 

suspension throughout all logged data. If the vehicle is left to right symmetric, the only 

difference in these tables between the left and right sides will be opposite sign for the 

y direction components. 
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Table 9: Lookup matrix for z direction component of unit vector for upper front 
suspension member of the front right suspension corner 

 

 

3.6.2.3. Angle Calibration 
When using suspension position and steering angle to calculate all these direction 

components, it is important to make sure the input channels are properly calibrated 

and zeroed. It may be useful to differentiate between the kinematic suspension 

position and the suspension user chosen definition of suspension position. As an 

example, the kinematic data shown in Table 9 is made with respect to a zero position 

of ride height which is unlikely to exactly match the zero position of ride height used 

on the car. Manufacturing tolerances, and the fact that the suspension setup used 

Upper Front Z Dir.
30 25 12.5 0 -12.5 -25 30

-33 -28.68 -14.12 0 14.12 28.68 33
-50.0 0.078 0.077 0.074 0.072 0.069 0.068 0.067
-45.0 0.096 0.095 0.092 0.089 0.087 0.085 0.084
-40.0 0.113 0.112 0.109 0.106 0.104 0.102 0.102
-35.0 0.130 0.129 0.126 0.123 0.121 0.119 0.119
-30.0 0.148 0.147 0.143 0.141 0.138 0.137 0.136
-25.0 0.165 0.164 0.160 0.158 0.156 0.154 0.153
-20.0 0.182 0.181 0.178 0.175 0.173 0.171 0.170
-15.0 0.199 0.198 0.195 0.192 0.190 0.188 0.188
-10.0 0.216 0.215 0.212 0.209 0.207 0.205 0.205
-5.0 0.233 0.232 0.229 0.226 0.224 0.222 0.222
0.0 0.250 0.249 0.246 0.243 0.241 0.239 0.238
5.0 0.267 0.266 0.263 0.260 0.257 0.256 0.255

10.0 0.284 0.283 0.279 0.276 0.274 0.273 0.272
15.0 0.301 0.300 0.296 0.293 0.291 0.289 0.289
20.0 0.318 0.317 0.313 0.310 0.308 0.306 0.306
25.0 0.334 0.333 0.329 0.326 0.324 0.323 0.322
30.0 0.351 0.350 0.346 0.343 0.341 0.339 0.339
35.0 0.368 0.366 0.363 0.360 0.357 0.356 0.355
40.0 0.384 0.383 0.379 0.376 0.374 0.372 0.372
45.0 0.401 0.399 0.395 0.392 0.390 0.388 0.388
50.0 0.417 0.416 0.412 0.408 0.406 0.405 0.404
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may not be what was analyzed in the kinematics software both contribute to a need to 

calibrate the kinematic suspension position to what is measured on the car. 

This may be done by measuring the angles of the suspension members from a 

chassis level reference in the yz plane. Then an offset between the chosen user 

definition of suspension position and kinematic suspension position can be adjusted 

for each corner to minimize the corner average error between the measured and 

calculated angles. This is discussed further in section 3.7.3: Full Vehicle Calibration. If 

the damper is being measured inboard and used to calculate suspension position, it 

is important to compensate for motion ratio variation as well. 

3.6.3. Calculation of Forces in xyz Directions 
The calculation of xyz corner forces, once the xyz component direction of every single 

link has been calculated, is straightforward. The measured force in each link L:9[ is 

multiplied by the respective component direction for each link	!�:9[,	!�:9[,	!^:9[ and 

the forces in that direction are summed to find the total reaction force as shown in Eq. 

20. The equation is written in matrix form to conserve space.  

_L�L�L̂ ` = _
!�: !�� !�O !�P !�a !�[!�: !�� !�O !�P !�a !�[!^: !^� !^O !^P !^a !^[` bc

cc
cd
L:L�LOLPLaL[ef
ff
fg										(20) 

In Appendix E: xyz Corner Forces During a Typical Lap of the Asymmetric Oval, data 

is shown for the forces in each corner in the x, y, and z directions over a lap of the 

standardized asymmetric oval test course presented in Chapter 2. The data in the 

plots is shown as raw dots at the 500 Hz sampling rate and as traces filtered to 10 Hz 

to emphasize major body motions.  A discussion of filtering is given in section 3.7.2. 

 

In studying Figure 36, Figure 37, and Figure 38, many interesting vehicle dynamic 

characteristics can be observed even within this one lap of a simple course. Some 

characteristics are expected, others may not be. A few are highlighted here for 

demonstration and later discussion: 
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A. The data shows quite a bit of noisy oscillation even when filtered to 5 Hz.  

B. The longitudinal forces on the rear axle tend to oscillate in phase with each 

other near a common frequency. Gear changes can induce this oscillation. 

C. There is slight longitudinal drag on the front wheels while driving in a straight 

line, indicating drag on the outboard suspension from aero & rolling 

resistance. 

D. The longitudinal forces on the rear tires are not equal when driving in a 

straight line, indicating some uneven drag mechanism or rolling radius. 

E. During the period from first braking after the straight away to peak negative 

longitudinal forces, half of that distance the rear x-axis forces are opposed to 

the front. The driver may be using both the throttle and braking here. 

F. Opposed lateral force while driving in a straight line on the rear axle indicates 

toe in, while the front axle has near zero lateral thrust. 

G. The rear outside tire’s lateral force is reduced with a delay after the front’s 

lateral forces fall on corner exit, which creates the moment to unwind the car 

from the corner. The rear outside tire is the most significant to corner exit. 

H. Near zero forces in all directions on the inside corners while cornering 

indicates they are almost lifting off the ground, and therefore their toe and 

camber is not very important during hard cornering. 

I. Rear lateral and vertical forces are slightly higher than the front during 

cornering, indicating a rearward weight distribution. 

J. There is significant lateral and vertical force variation while cornering, affecting 

all corners, but especially the laden wheels. The oscillations tend to be in 

phase between left and right, and out of phase between front and back, 

indicating pitch oscillation. 

3.7. Verification of System Accuracy 
Now that the means to calculate xyz forces on each corner of the car are available, it 

is important that the end data collected is accurate, despite all sources of error. There 

are now 29 sensor channels that must all be zeroed and calibrated correctly in order 

to get good data output from the xyz force calculations. Any improper reading with a 

single channel can offset the channels collected from all the rest. Recommendations 
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in this section are based off the experienced gained from solving problems that 

caused data error. In the end, the system is shown to produce results that are 

sufficiently accurate to make it a powerful vehicle dynamics analysis tool. 

3.7.1. Zero Point Definition 
In order to interpret and use the data that is collected, conditions must be defined for 

the zero (null) point of all sensors. The zero point should be defined as the condition 

that does not change with vehicle configuration, or if it does, those changes must be 

strictly recorded to use with the data in analysis. In order to measure the drift in all of 

the sensors, it is convenient to choose a definition of zero that may be easily checked 

on regular intervals. If the true value of zero stress and strain for each was chosen, 

then each link would need to be zeroed while disconnected from the car and level to 

avoid load from the mass of the structure of the suspension.  

 

The zero definition chosen is zero steer and full droop suspension position while the 

car is fully assembled, stationary, and supported only by the body. This is convenient 

for the calculation of xyz forces and also allows the zero point to be checked by lifting 

the car by its body at the beginning and end of each run to quantify drift. This was 

found to be one of the best telltale indicators of the quality of the data collected, once 

everything was properly calibrated. 

3.7.2. Frequency Response and Filtering 
The figures in Appendix E: xyz Corner Forces During a Typical Lap of the Asymmetric 

Oval show that there is quite a bit of variation in the raw data sampled. Looking at the 

same channels in the frequency domain reveals more interesting information about 

data, and it allows the verification of the appropriateness of the logging rates and filter 

selected. Power spectral density (PSD), which describes how the square of a signal 

or time series is distributed with frequency, is a common way to analyze the 

frequency content of a signal. In Appendix F: Power Spectral Density of Un-filtered 

and Filtered xyz Corner Forces, data is taken from many laps of the asymmetric oval 

to show typical frequency response.  
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3.7.2.1. Frequency Response 
When analyzing PSD plots, the main goal is to look for local maxima followed by 

steep roll off because this indicates the primary frequencies that a signal is vibrating 

at. These are usually the frequency of input forcing functions or resonance points. In 

studying Figure 39, Figure 40, and Figure 41, many interesting frequency 

characteristics of vehicle dynamics can be observed. A few are highlighted here in 

order of increasing frequency to illustrate key points: 

A. The maximum PSD for every corner in every direction occurs at or below 1 

Hz. This indicates large steady state forces in the measured signal, as 

expected. 

B. There is significant force variation on every corner in every direction centered 

at 150 Hz, and extending for roughly ±30 Hz. The magnitude of variation in the 

rear is larger than the front corners. This correlates directly with the engine 

speeds used while driving and also explains the sharp drop in PSD at 183 Hz 

due to the 11,000 rpm limiter. 

C. There is a peak at 12 Hz and a following roll-off in all channels to near 18 Hz. 

The effect is largest in the lateral forces. Looking deeper at wheel speed 

frequencies, these frequencies match the average and maximum wheel 

speeds seen on the course. This indicates a likely imbalance in the wheel 

rotating assembly and is apparent in both suspension position and upright 

acceleration. 

D. There is a very prominent peak in lateral force variation at 38 Hz and is visible 

in the x and z directions to a lesser extent.  It is inconclusive what the exact 

source of this variation is. However, given the lesser presence in damper 

position and upright acceleration, it may be a response to a road surface 

variation. At average speed, this would be a wavelength of 0.45 m. 

E. There is a peak in force variation in all directions for the front at near 75 Hz. It 

is inconclusive what the exact source of this variation is but very interesting 

that it does not show up in rear force variation. It may be a second order 

response to the 38 Hz road surface variation, as it is masked in the rear by 

drivetrain vibrations. 
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F. There is a roll-off in vertical force variation after 6 Hz, indicating major vertical 

force variation (sprung mass motions) occurs below this point. This conclusion 

is confirmed by a matching characteristic in PSD of suspension position. 

G. There is a small and broad peak in vertical force variation near 25 Hz that 

does not show up very significantly in lateral or longitudinal force variation. 

This variation shows up similarly in suspension position, and is extremely 

prominent in upright acceleration. This indicates it is likely the resonance point 

of the un-sprung mass.  

3.7.2.2. Filtering  
Frequency content is interesting to look at and think about, but generally vehicle 

dynamists are interested in low frequency body motions in the time domain. This 

captures the majority of the power in the motion spectrum of the vehicle. In order to 

focus on that content low pass filters are commonly applied. The filter that has been 

chosen is a first order cascading filter run with a 10 Hz cutoff frequency in both 

directions to create zero phase delay in the time domain. The frequency response of 

this is similar to a first order analog Butterworth filter. The effect of the filter can be 

seen in both the time domain plots of Appendix E: xyz Corner Forces During a Typical 

Lap of the Asymmetric Oval, and the frequency domain plots of Appendix F: Power 

Spectral Density of Un-filtered and Filtered xyz Corner Forces. 

 

At 10 Hz cutoff frequency, the signal power is reduced approximately 14 decibels 

(dB). Note that the higher frequency content is not excluded, but the power of the 

frequency content is significantly reduced. At the 6 Hz point that was identified in 

section 3.7.2.1, to contain all major sprung mass motion, the power is only reduced 5 

dB. Since this content at 6 Hz is the primary interest in the time domain, the 10 Hz 

cutoff frequency has been chosen as a compromise between maintaining body 

motion magnitudes and reducing the magnitude of variation from other sources.  

 

For a closer look at what the chosen filter does to the force traces in the time domain, 

Figure 15 shows a zoomed-in comparison of z axis forces un-filtered versus filtered. 

The data shown in Figure 15 is from the middle of the large corner of the asymmetric 

oval for the same lap as the data shown in Figure 38. 
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Figure 15: Zoomed in comparison of z axis forces un-filtered versus filtered 

 

The high frequency engine vibrations are clearly visible in all of the unfiltered traces 

and can be seen to have higher amplitude in the rear than the front. Some of the 

middle frequency vibrations are also clearly visible. From visual inspection, it can be 

seen that the filtered traces average out higher frequency fluctuations nicely and have 

no phase shift. This verifies that the chosen filter and cutoff frequency are appropriate 

for body motion analysis. All subsequent data shown will be filtered in this way. 

3.7.3. Full Vehicle Calibration 
In order to quantify accuracy and precision of our xyz force calculations, all errors in 

the entire system must be accounted for at the same time. This can be done by 

applying known static loads in the x, y, and z directions on each corner and 

comparing the known forces to the forces calculated. This is a full system test of all 

error, including operator error in equations and calibrations in the analysis software. 

Doing this can be a long and frustrating process because it can take a long time to 
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work out all the errors of which there are many possibilities, but it necessary to get 

quality results.  

3.7.3.1. Calibration Process 
The calibration process used on the GFR car is briefly described here as an example 

of how full vehicle calibration may be performed and to give context to the results 

presented in the section below. 

• All sensors and strain gauges should be zeroed before the process is started. 

• The entire calibration process should be performed in one session and should 

start and end in the zero definition to check drift. 

• Vertical loads are measured at two points in the negative direction by placing 

two known masses on top of the tire when the corner is in the zero state. 

• Longitudinal loads are measured in two steps by using a turnbuckle, a strap, 

and a commercial digital load cell. Loads are applied simultaneously to both 

the front and rear wheels. 

• Lateral loads are measured at five points by balancing the car 90 degrees on 

its side in each direction and adding two known masses to the un-laden 

wheels. The change in load on one side of the car should match the other. 

• Vertical loads are measured in two steps in the positive direction by placing 

the car on wheel scales then having a driver sit in the car. This is a good end 

test because there is usually some amount of combined vertical and lateral 

loading. 

Note: all scales used to evaluate the applied loads have tolerances and error 

associated with their measurement as well. This error is additive to the system error. 

Calibration results are only as good as the equipment used to verify them. 

3.7.3.2. Calibration Results and Error Identification 
In order to illustrate how errors can propagate and be identified in this process, some 

data has been selected from a calibration run with distinctly large error. The results of 

the full calibration test process are combined into average error and standard 

deviation of that error as shown in Table 10. The plot colors identified are the colors 

used for the channels in all other plots in this paper. 
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Table 10: Full system xyz force calibration test results 

 

 

Table 10 clearly shows large and irregular error in the lateral force of the front left 

corner, and to a lesser extent, the front right. While this tells us there is a problem, it 

is not very useful in identifying the reason. A more in-depth look at all the calibration 

points measured is shown in Figure 42, Figure 43 and Figure 44 of Appendix G: 

Calibration Verification. Note that in Figure 44 some of the largest error points of the 

lateral front left and front right tests have been excluded from the plot. 

 

Figure 42 shows the xyz data traces over the entire calibration process. The irregular 

and slowly changing value of the front right y axis around the 25 minute region clearly 

show there is some sort of drift effect causing large error. This problem was 

eventually traced to a poor wiring junction in the voltage supply circuit for all the strain 

gauge bridges in that corner. As the junction resistance would change it would 

change the effective voltage supplied to all the bridges. Since the zero point for all the 

bridges is set at a point where the bridge is not perfectly balanced, the change in 

supply voltage caused a change in bridge output as was discussed in section 3.5. 

This effect is clear if measured versus applied loads in Figure 43 are compared with 

the characteristics observed in Figure 34.  

 

Plot 
Color Corner

Load 
Axis

Average 
Error

Std Dev 
Error

FL X 0.55% 0.93%
FL Y -92.00% 78.53%
FL Z 0.04% 3.74%
FR X 2.91% 4.86%
FR Y 23.80% 25.30%
FR Z -4.95% 2.13%
RL X 0.97% 0.33%
RL Y 6.52% 7.86%
RL Z 5.46% 2.40%
RR X 3.63% 4.27%
RR Y 9.70% 9.41%
RR Z 5.80% 1.04%

Calibration Test Results
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Due to the fact that the largest link component direction in typical SLA suspensions 

like the GFR car is the y direction, if all force values start drifting one direction, the 

lateral force calculation is most significantly affected. Said in a different way, vertical 

and longitudinal forces cause a similar amount of load change in the links in 

compression and tension simultaneously, but lateral forces cause mainly either all 

tension or all compression in the links.  This makes lateral force the most subject to 

error from bridge supply voltage variation and thermal variation.  

 

Ignoring the data that has been found to be erratic, Figure 44 shows similar 

characteristics for the total error as was seen in Figure 35 for the error of different 

links using the same calibration. The percentage of error generally decreases with 

increasing load. The difference is that the percentages or error are higher in the full 

xyz calculations, which is to be expected because the error from every link is additive.  

For a good calibration, it was found that all errors should be bound below 10% up to 

±300 N, and below 5% when outside ±1000 N.  

3.7.4. Correlation to Accelerometer Measured G Force 
Static tests are valuable for isolating calibration issues and quantifying static 

accuracy, but the real interest is in dynamic performance. Since drift and poor 

electrical connections issues are seen when doing static tests, a method is desired to 

verify our results while driving. This can be accomplished by summing the x, y, and z 

corner forces to create total vehicle force channels in the xyz directions. Using the 

sprung mass and total mass for the x/y and z axis respectively, body accelerations 

can be calculated in each direction and compared to accelerometer readings. The 

comparison can be used as a continuous measure of error over the course of a run. 

 

In Figure 16, acceleration is compared between an accelerometer, GPS calculations, 

and the calculation from suspension forces. The accelerometer has been yaw 

corrected for its offset from the vehicle CG. The correlation between accelerometer 

and suspension forces for lateral and longitudinal acceleration is quite good. There is 

actually more noise in the accelerometer channel. The GPS is heavily filtered since it 
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is only updated at 20 Hz and does not react to all of the fluctuations, but it confirms 

the average values seen in the other traces.  

 

 

Figure 16: Comparison of accelerometer measured G force, GPS G force, and G 
force calculated from suspension forces during part of an asymmetric oval lap. 

 

This correlation is the final verification that the results of the strain gauge force 

measurements are correct while driving. This confirms that the suspension force data 

is valid to use for more detailed study of vehicle dynamics, as was suggested in 

sections 3.6.3 and 3.7.2.1. If these values are not aligned or become misaligned over 

the course of a run, it is an indication of a calibration error or drift.  
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An accelerometer verification of the suspension force calculation of vertical G force is 

not available with the sensors on the GFR car. However, since the x and y axis 

channels line up, it is unlikely that there is significant error, assuming that the 

calculation computes 1 G while the car is at rest. The average value of greater than 1 

G and low frequency variation seen in the trace can be attributed to the aerodynamic 

downforce produced by the car since the car has large wings. It is not actually a true 

measure of acceleration, but it is the ratio of current vertical force over the vertical 

force at rest. The relationship with speed can be seen by the decrease in vertical G 

force during negative longitudinal acceleration (deceleration).  

3.8. Body Moments 
One application that the xyz corner force data can be used for is to compute body 

moments. As an approximation, the xyz corner forces can be assumed to be acting at 

the geometric center of the tire contact patch. Using the track, wheelbase, and CG 

location of the car, the xyz corner forces can be multiplied by the respective moment 

arm to the CG to calculate xyz body moments. The equation for this, as well as the 

assumptions made when using it, is given in Appendix H: Equation for Calculation of 

Body Moments. This section will focus on body yaw moments (z axis) since it is the 

most interesting to vehicle dynamists, although calculation of body roll moment (x 

axis) or pitch moments (y moment) is also possible. 

 

The figures discussed in this section are provided in Appendix I: Body Yaw Moments 

and Inertia Driving the Asymmetric oval and Appendix J: Body Yaw Moments and 

Inertia while Scrubbing Tires. Scrubbing the tires is used as a process where the 

driver oscillates the vehicle aggressively in yaw at the yaw resonance frequency of 

the vehicle. The vehicle CG travels in a near straight line path, but the car yaws 

significantly back and forth resulting in high body slip angles. The driver has to 

carefully control throttle and steering to maintain control of the vehicle while being 

very aggressive at the same time. This maneuver is interesting for studying yaw 

moments because it approaches the maximum yaw moment possible for the vehicle, 

which is typically not seen in other maneuvers. The plot layouts and data channels in 

the figures of each section are identical so the difference in the data from different 
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vehicle maneuvers can be seen. The data shown for the asymmetric oval is for the 

same lap used in Appendix E: xyz Corner Forces During a Typical Lap of the 

Asymmetric Oval.  

3.8.1. Contribution of Each Corner to Yaw Moment 
In order to understand the way corner forces contribute to total yaw moment, it is 

useful to break up the total yaw moment calculation as contribution from each corner, 

as well as contribution from longitudinal and lateral forces of each axle. The 

contribution of the total yaw moment is shown in Figure 45 and Figure 49 for a typical 

asymmetric oval lap and for a tire-scrubbing maneuver respectively. From the data a 

few general observations can be made: 

• Total yaw moment during typical driving is small relative to tire-scrubbing. 

• Yaw moment generation is dominated by lateral forces. Longitudinal forces 

become more significant during tire-scrubbing. (high yaw velocity) 

• The yaw moments from each corner are primarily equal magnitude and 

opposite sign between the front and rear axle. (mirrored across the yz plane) 

• Peak yaw moments during tire-scrubbing occur briefly when the yaw moment 

from all tires is in the same rotational direction, mostly generated from lateral 

forces. 

• Yaw moment during “steady state” cornering in the sweeping corner of the 

asymmetric oval has a significant peak in oscillations near 5 Hz. 

•  During tire-scrubbing the vehicle yaw moment is oscillating at about 1.2 Hz. 

 

When studying yaw moments, it is of interest to vehicle dynamists to consider the 

input driver controls mechanisms of steering and throttle, and the output result of yaw 

moments, yaw acceleration and yaw velocity. All of these channels are combined in 

Figure 46 and Figure 50. From this data a few more general observations can be 

made: 

• As expected, yaw acceleration is in phase and scaled in magnitude to total 

yaw moment.  

• Throttle and steering corrections can be seen to be made by the driver during 

“steady state” cornering of the asymmetric oval in response to over/understeer 
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• The extreme steering movements’ necessary to perform the tire-scrubbing 

maneuver are clearly visible in the trace of steering rate. 

• Steering input during tire-scrubbing is more aggressive in the positive direction 

(to the left) and increasingly so as the run progresses. (driver fatigue) 

• Throttle input is added during tire-scrubbing while changing steering toward 

the negative direction (to the right). This may be substituting steering input. 

• Peak yaw moments lag peak steering rates by approximately 50-80 ms in both 

pieces of data (25-35 degrees phase lag). This corresponds to a tire relaxation 

length of 0.7-1.1 m. 

3.8.2. Yaw Inertia Calculation from Measured Data 
As mentioned above yaw acceleration is observed to be in phase and scaled in 

magnitude to total yaw moment. This is because they are fundamentally related by: 

+^ = X∝^ 										(21) 
where +^ is the moment of inertia about the z axis, ∝^ is the angular acceleration 

about the z axis, and X is the total yaw moment. Since yaw acceleration and yaw 

moment measurements are available, the yaw inertia can be calculated as the slope 

of the relationship.  Figure 47 and Figure 51 show that measured data correlates 

nicely and calculates to a yaw inertia between 77.9 and 78.5 kg·m². Since the force 

measurements are just the forces acting on the body and do not include forces to 

accelerate the outboard masses, this value of yaw inertia is just for the sprung mass. 

 

Assuming the outboards to be symmetric masses about each contact patch, the 

additional yaw inertia from each outboard can be calculated. For the GFR car, this 

was calculated to be an additional 31.1 kg·m² of yaw inertia. Eq. 21 shows yaw 

moment to scale linearly with yaw inertia for a given angular acceleration. Therefor 

the full vehicle yaw moment is approximately 40% higher than the body yaw moment 

data presented. 

 

Looking at the tire-scrubbing data in Figure 51 further, there is a looped variation in 

the data around the linear average. Due to the fact the major deviation from a pure 
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linear relationship is during high steering rates, and since the deviation in the data is 

so consistent, a possible explanation for this anomaly may be that the driver is 

shifting his position in the cockpit during this aggressive steering maneuver, and that 

is changing the inertial properties of the body. Another possibility could be that 

steering the front wheels rapidly is causing a net lateral force from the inertial 

movement of the wheels in the y axis. This lateral force would generate an additional 

yaw moment that is not accounted for. 

3.8.3. Measured Milliken Moment Diagram 
Milliken Moment Diagrams (MMDs) are a visual representation of the force-moment 

performance envelope of a vehicle. Their origin, construction, and properties are 

discussed in [4]. They are a common way of evaluating a vehicle’s stability, control, 

and maneuvering performance.  

 

Since both the force (lateral acceleration) and moment (yaw moment) have been 

calculated, the two can be combined to make MMD plots from the measured data. 

Figure 48 shows MMD data from the same lap of asymmetric oval data that is shown 

throughout this paper. This data in itself is not particularly interesting other than being 

a different way to view information already discussed. Most significantly, Figure 48 

shows that during normal driving large yaw moments are not used to transition the car 

between cornering directions. The cloud of data while cornering to the right is to be 

expected from the variation observed in lateral acceleration and yaw moment seen 

earlier in this paper in Figure 37 and Figure 45. In studying sections of a lap more 

closely, it can also be observed that lateral acceleration and oscillations in yaw 

moment both increase with speed. 

 

What is interesting is to plot MMD’s for tire-scrubbing maneuvers as in Figure 52 and 

Figure 53. Both plots are the same piece of data, but Figure 52 is plotted with the 

color channel as steering rate, and Figure 53 is plotted with the color channel as 

steering angle. These plots show the characteristic shape of a MMD, as well as the 

expected constant steering in sectors one and three, and constant slip (steering 

insensitive) in sectors two and four. The data shows the lateral limit to be slight 
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terminal understeer. The negative slope of the line through the origin is approximately 

-900 Nm/G and shows high vehicle stability (stability index). The yaw moment values 

plotted are not actually correct for a traditional MMD. A true MMD would be scaled 

approximately 40% larger in yaw moment values as discussed in the section above, 

in order to account for the additional yaw inertia of the un-sprung mass.  

 

Since the tire-scrubbing maneuver is done very near a constant speed, it produces a 

very good representation of a MMD for that speed. This tire-scrubbing method may 

be a good approach for trying to validate MMDs. By changing the magnitude of 

steering angles used, it should be possible to fill in the interior of the MMD. However, 

the steering rates need to be kept high in order to generate large enough moments 

while operating at constant slip near the limit. Note: the tire-scrubbing maneuver may 

be impossible to initiate for overly stable vehicle configurations, or impossible to 

control for unstable vehicle configurations. It remains to be seen if this technique 

could be used effectively to collect the full range of data points in a MMD. In order to 

complete validation of MMDs, a measure of vehicle slip is also needed. Adding a slip 

angle sensor to a fully strain gauge instrumented vehicle, such as the GFR car, would 

make an extremely powerful tool for vehicle dynamic model validation. 

3.9. Summary 
Instrumentation of suspension member forces with strain gauge load cells was shown 

to be an extremely powerful tool for measuring vehicle performance and quantifying 

vehicle dynamic characteristics. The design and implementation of strain gauge load 

cells was described in detail and provides a template for reproducing similar results in 

other vehicles. Data from the GFR car was presented and used to: show the design 

process for making effective suspension member load cells, show the calibration 

processes necessary to ensure quality data is collected, illustrate the calculation of 

suspension corner forces, and show the effectiveness of measuring vehicle dynamic 

characteristics with this technique. By using the methods described in this paper the 

data that can be collected allows a more complete and thorough understanding of on-

car vehicle dynamics. This data can be used in future work to validate vehicle models. 
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3.9.1. Future Work 
The calibration techniques used in this paper could be improved by measuring and 

calculating compensations to account for thermal variations as suggested in sections 

3.4.3.4 and 3.5.3. Reduction of load cell variation will result in higher precision of end 

data. Also, more extensive use of standardized testing as described in Chapter 2 

could be used to better analyze and understand why the measured corner forces 

have the specific values and variation observed. Tuning param could be adjusted 

during standard tests to understand the effect on corner forces and learn what 

magnitude of change in forces is significant to the performance of the car and 

noticeable to the driver. 

 

The data collected by the instrumentation of all the suspension members can be used 

to refine many different vehicle models that are not explained in this paper. A few 

interesting examples are explained in the sections below. Other examples include: 

aerodynamic validation, analysis of rolling resistance, analysis of jacking forces, 

analysis of steering forces, and development of torque vectoring on electric cars. 

3.9.1.1. Calculation of Tire Models from Measured Data 
Perhaps the most exciting possibility for future work based on the platform presented 

in this paper would be to include some form of slip angle measurement to the tire 

force and moment data. Together, there is enough information to turn a car into a four 

tire simultaneous tire testing machine that runs on the correct road surface and 

throughout the correct load and temperature range for the desired application. It 

should be possible to use this data from on-vehicle testing to calculate tire models. 

Since tire data is currently unavailable for some of the fastest and most commonly 

used tires in FSAE, this would be very valuable to a team trying to design a vehicle 

for those tires. 

3.9.1.2. Study of Vertical Load Oscillation on Lateral Forces 
Damper analysis can be done in various forms from as little as a single sensor of 

damper position, upright acceleration, or push/pull-rod load. However, the most 

complete analysis would include all three and a known road profile. What may be 

specifically studied with the corner force data presented in this paper is the coupled 
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effects of vertical and lateral load during transient oscillations. Another aspect that 

may be considered is the effect on the other three corners from controlled oscillation 

of one. Due to the complexity of the model needed to study full car vibrations, 

analysis is often done on a single corner at a time as a quarter-car model. The full 

vehicle data collected could be very helpful in understanding full car effects or 

validating higher order models.  

3.9.1.3. Study of Differential Performance from Measured Data 
If measured rear corner forces are combined with rear wheel speeds, it creates an 

extremely powerful tool for differential analysis. Using longitudinal (x axis) corner 

forces and rolling radius of the tire, the torque on the rear wheels may be calculated. 

Torque from the rotational inertia of the wheel can be added when using wheel speed 

to calculate wheel acceleration. Torque required for longitudinal acceleration of the 

un-sprung mass may also be added. The sum of these is the total torque that is 

delivered to that wheel not including friction. Whenever not braking, the torque is 

delivered by the differential. This allows direct calculation of torque bias ratio (TBR), 

which is commonly used to compare and analyze differentials. This data could be 

very useful in developing a self-made differential or validating vehicle differential 

models. 

3.9.1.4. Study of Brake System Performance from Measured Data 
If measured corner forces are combined with wheel speed, brake line pressure, and 

brake rotor pressure data it creates an extremely powerful tool for brake system 

analysis. Similar to the differential study, using corner forces, rolling radius of the tire, 

and tire direction (steering plus toe) allow the torque on the wheels to be calculated. 

Torque from the rotational inertia of the wheel can be added in using wheel speed to 

calculate wheel acceleration. Torque required for acceleration of the un-sprung mass 

may also be added. The sum of these is the total torque that acts on the brakes for 

each corner during deceleration. Note: on the rear brakes the engine deceleration 

torque will act in addition unless the clutch is dis-engaged. Using the brake line 

pressure and knowledge of the braking system, the clamping force of the brake 

caliper can be calculated. Since the torque and clamping force are known, the 

coefficient of friction (COF) of the brake pads may be calculated using the effective 
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radius on which the caliper clamping force acts. Combining all of this together, brake 

pad COF variation with temperature could be measured directly with all the compotes 

used on the car and in the normal temperature range. Since brake pad COF versus 

temperature data is often quite hard to find, this data could be very useful in validating 

braking system models. 
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3.10. Definitions/Abbreviations 
ACL Advanced Central Logger 

A/D Analog to Digital 

CAD Computer-Aided Design 

CAN Controller Area Network 

CG Center of Gravity 

COF Coefficient Of Friction 

dB Decibels 

DOE Design Of Experiments 

DOF Degrees Of Freedom 

EMI Electromagnetic Interference 

FSAE Formula SAE 

GFR Global Formula Racing 

GPS Global Positioning System 

Hz Hertz 

In Inch 

ISO International Organization for Standardization 

KPH 

kN 

Kilometer Per Hour 

Kilonewton 

MMD Milliken Moment Diagram 

mm Millimeter 

µV Microvolt 

mV Millivolt 

PSD Power Spectral Density 

SLA Short-Long Arm 

TBR Torque Bias Ratio 

VIM Versatile Input Module 
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4. Conclusion 
The asymmetric oval was shown to be representative of typical competition courses 

and can be used to validate vehicle performance. The other courses described allow 

isolation of vehicle dynamic performance characteristics so the effect of vehicle 

changes in specific cases can be studied. Basic analysis methods were described for 

those courses. 

 

A method was described for using strain gauge instrumented suspension members to 

measure all forces between the sprung and un-sprung masses. The results were 

shown to be sufficiently accurate to characterize performance.  This creates a 

powerful tool for vehicle dynamic analysis. Examples of how this data may be used to 

calculate high level vehicle dynamic quantities such as yaw moments were shown. 

The strain gauge selection process and link design considerations were explained so 

the reader may replicate the results.  

 

Presented in this thesis: 

• Two papers useful to the FSAE community for publication by SAE 

International. 

• Standardized courses and analysis methods to analyze FSAE vehicle 

dynamic performance. 

• The potential for vehicle analysis and model validation using strain gauge 

instrumented suspension links. 

• A platform from which future vehicle dynamic analysis may be extended.  

• Detail sufficient to allow reproduction of the methods used to generate the 

data. 

• Data and analysis methods for typical FSAE performance. 

 

The combination of the standardized testing courses and the vehicle dynamic 

measurements possible with strain gauges on suspension members creates an 

excellent platform for validating vehicle dynamic models. By providing standardized, 

competition-representative testing courses, the strain gauge data can be assumed to 

be representative of a typical competition. The simpler courses and the analysis 
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methods described with them were also used to verify and validate the strain gauge 

method measurements. In those aspects, the two papers complement each other and 

are stronger when used in conjunction. Future work may expand the combined use of 

the methods presented to study specific vehicle dynamic characteristics or validate 

specific vehicle models. 
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Appendix A: Detailed Dimensions for Asymmetric Oval Setup 
Note: All dimensions in this section are given in metric (m) and imperial [feet, inches]. 

 

Figure 17: Formation of datum lines to setup the asymmetric oval using 3:4:5 triangles 
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Figure 18: Dimensions for asymmetric oval construction from datum lines 
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Figure 19: Dimensions of asymmetric oval slalom section construction from datum line 
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Figure 20: Asymmetric oval with skid-pads setup in the same space. 
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Appendix B: Data from Standard Test Courses 
 

Table 11: Typical data from onboard sensors during standard skid-pad testing 
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Figure 21: Skid-pad driven lines from selected data
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Table 12: Typical data for acceleration runs divided into three 25 m sectors 

 
 

 
Figure 22: Speed, longitudinal G force, and accelerometer calculated power for selected acceleration data 
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Figure 23: Power efficiency and power efficiency losses for an acceleration run 
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Table 13: Typical data from onboard sensors during standard slalom testing 

 

 

 

Figure 24: Speed and absolute lateral G from selected slalom data
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Figure 25: Slalom driven lines from selected data
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Table 14: Competition track statistical data comparison to the asymmetric oval 

 

 
Figure 26: Asymmetric oval inside, outside, and driven line from the selected lap  
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Figure 27: Speed histogram showing percentage of time spent in each 5 KPH speed bin for the tracks selected in Table 14 
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Appendix C: Load Cell Sensitivities to Gauge Factor, Bridge Type, & Material, Versus Area & Load 

 

Figure 28: Effect of gauge factor on bridge sensitivity versus load for a constant area of 30 mm^2 
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Figure 29: Effect of bridge type on bridge sensitivity versus load for a constant area of 30 mm^2 
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Figure 30: Effect of material type on bridge sensitivity versus load for a constant area of 30 mm^2 
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Figure 31: Effect of gauge factor on bridge sensitivity versus area for a constant load of 10000 N 
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Figure 32: Effect of bridge type on bridge sensitivity versus area for a constant load of 10000 N 
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Figure 33: Effect of material type on bridge sensitivity versus area for a constant load of 10000 N 
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Appendix D: Measured Load Cell Calibration Data 

 

Figure 34: Measured load cell voltage output versus applied load for different suspension members 
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Figure 35: Percentage error versus applied load for one calibration used on multiple suspension members of the same area  
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Appendix E: xyz Corner Forces During a Typical Lap of the Asymmetric Oval 
 

Note: All data shown in this appendix is shown as the raw value @ 500 Hz, and low pass filtered @ 10 Hz. 
 

 

Figure 36: x axis suspension corner forces and speed for a lap of the asymmetric oval, un-filtered and filtered 
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Figure 37: y axis suspension corner forces for a lap of the asymmetric oval, un-filtered and filtered 
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Figure 38: z axis suspension corner forces for a lap of the asymmetric oval, un-filtered and filtered  
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Appendix F: Power Spectral Density of Un-filtered and Filtered xyz Corner Forces 
 

Note: All data shown in this appendix is shown as the raw value @ 500 Hz, and low pass filtered @ 10 Hz. 
 

 

Figure 39: Power spectral density of un-filtered and filtered x axis suspension corner forces 
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Figure 40: Power spectral density of un-filtered and filtered y axis suspension corner forces 
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Figure 41: Power spectral density of un-filtered and filtered z axis suspension corner forces 

 



109 
 

Appendix G: Calibration Verification 
 

Note: All data shown in this appendix is from the same calibration event. 

 

Figure 42: All xyz corner forces over the full duration of the calibration process 
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Figure 43: Measured xyz versus applied force for each corner in each direction 
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Figure 44: Percent error of xyz forces versus applied force for each corner in each direction
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Appendix H: Equation for Calculation of Body Moments 
 

Assumptions: -Fixed suspension position Variables: J = Vehicle roll moment about x axis 

 -Gyroscopic moments ignored  G = Vehicle pitch moment about y axis 

 -Tire internal moments ignored  X = Vehicle yaw moment about z axis 

   L/��,�,^ = Corner forces in each direction 

   ℎ = Height of vehicle CG from ground plane 

Note: Moments calculated act only on the 

inertia of the sprung mass. 

Calculation of total vehicle moments 

would need to include additional 

moment terms from acceleration of 

the un-sprung masses. 

 � = Wheelbase 

  �Q = Front vehicle track width  

  �k = Rear vehicle track width 

  �I = Ratio of mass on left to total mass 

  �Q = Ratio of mass on rear  to total mass 

l JGXm = _
0 0 0 0 ℎ ℎ ℎ ℎ �Q(1 − �I) −�Q�I �k(1 − �I) −�k�I−ℎ −ℎ −ℎ −ℎ 0 0 0 0 −�(1 − �Q) −�(1 − �Q) ��k ��k−�Q(1 − �I) �Q�I −�k(1 − �I) �k�I �(1 − �Q) �(1 − �Q) −��Q −��Q 0 0 0 0 `

bc
cc
cc
cc
cc
cc
dLJ�L���J����LJ�L���J����LJ^L�^�J^��^ef

ff
ff
ff
ff
ff
g
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Appendix I: Body Yaw Moments and Inertia Driving the Asymmetric oval 
 

Note: All data shown in this appendix is from the same lap of the asymmetric oval as Appendix E: xyz Corner Forces During a 
Typical Lap of the Asymmetric Oval 

 
Figure 45: Body yaw moments during a lap of the asymmetric oval 
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Figure 46: Steering, yaw, velocity, and yaw moment during a lap of the asymmetric oval 
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Figure 47: Yaw moment versus yaw acceleration during a lap of the asymmetric oval, slope is yaw inertia 

nopqr = 1.36	 	X(° ∕ t� = 77.9	Wu ∙ (� 
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Figure 48: Milliken Moment Diagram (MMD) colored by steering rate from measured data during a lap of the asymmetric oval 

  



117 
 

Appendix J: Body Yaw Moments and Inertia while Scrubbing Tires 
 

Note: All data shown in this appendix is from tire-scrubbing while driving at a near constant 50 ±5 KPH 

 
Figure 49: Body yaw moments during a tire-scrubbing maneuver 
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Figure 50: Steering, yaw, velocity, and yaw moment during a tire-scrubbing maneuver 
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Figure 51: Yaw moment versus yaw acceleration during a tire-scrubbing maneuver, slope is yaw inertia 

  
  

nopqr = 1.37	 	X(° ∕ t� = 78.5	Wu ∙ (� 
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Figure 52: Milliken Moment Diagram (MMD) colored by steering rate from measured data during a tire-scrubbing maneuver 
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Figure 53: Milliken Moment Diagram (MMD) colored by steered angle from measured data during a tire-scrubbing maneuver 

  



 
 

 


