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Abstract

Successful race teams rely heavily on track testing to search for the ideal suspension
setup. As more restrictions are placed on the amount of on-track testing by major racing
sanctioning bodies, such as NASCAR, teams have increased their attention to alternate
testing methods to augment their track data and better understand the dynamics of their
racecars. One popular alternate to track testing is 8-post dynamic shaker rig testing.
Eight-post rig testing gives the team a better understanding of the vehicle’s dynamics
before they arrive at the race track, allowing them to use their limited track testing time
more efficiently.

While 8-post rig testing certainly is an attractive option, an extensive test matrix is often
required to find the best suspension setups. To take full advantage of 8-post rig tests,
more efficient experimental methods are needed. Since investigating shock absorber
selection is often the most time-consuming task, this study focuses on developing more
efficient methods to select the best shock absorber setups.

This study develops a novel method that applies dynamic substructuring and system
identification to generate a mathematical model that predicts the results of future tests as
both command inputs and components are changed. This method is used to predict the
results of 8-post rig tests as actuator commands and shock absorber forces are varied.
The resulting model can then be coupled with shock absorber models to simulate how the
vehicle response changes with shock absorber selection. This model can then be applied
to experimental design.

First, a physically-motivated nonlinear dynamic shock absorber model is developed,
suitable for quickly fitting experimental data and implementing in simulation studies.
Next, a system identification method to identify a vehicle model using experimental data
is developed. The vehicle model is then used to predict response trends as shock
absorber selection is varied. Comparison of simulation and experimental results show
that this model can be used to predict the response levels for 8-post rig tests and aid in
streamlining 8-post rig testing experimental designs.
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Nomenclature

This section defines all major variables used in this document. While the nomenclature
section for each chapter lists all the variables used in that chapter for convenience,

consistent nomenclature across all chapters was used in most cases.

Chapter 2
At Time increment
u [k] , ¥ [k] Input and output at time index &
Ut , Y ¢ Input and output time history up to time index k
M(GLF O ’HLR’QRR) Input-output mapping for 8-post rig system parameterized
by shock parameters
OLrs Orie 01> O Shock parameterization
© Shock selection space
K YK
J(U ’ ) Objective function
G(U",Y*¥
( ’ ) Response constraints
M ok (05""0") Shock substructure mapping
car (0“") Car substructure mapping
Chapter 3
0., 0. Rate of change of volume for compression and rebound
chambers
0, Flow that displaces gas piston
o, Flow through main piston
0., 0. Effective compressive flows for compression and rebound

chambers
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p., D, Compression and rebound chamber pressure

D., Initial chamber pressure

k., k, Stiffness of compression and rebound chamber
compressibility

k, Gas chamber stiffness

k,' Stiffness of gas spring and compression chamber in series

Flow resistance for main piston

A Piston area on compression and rebound sides

Piston rod area

X,V Piston rod displacement and velocity

F Shock absorber force

C,.,K,..F Incompressible shock absorber damping, stiffness, and
preload force

s Laplace variable

T Shock model time constant

kp , k,,c Equivalent mechanical model parallel stiffness, series
stiffness, and damping

F., f (v) Algebraic shock force

F. LPF1 force

a (E ) LPNL2 weighting function

X catea (1) Unscaled time signal

A, 1,8 Amplitude, frequency, and phase at i" frequency
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c Damping
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Chapter 1

Introduction

The following sections describe the motivation for the proposed research, research

objectives, the approach, and the expected contributions.

1.1 Motivation

Successful race teams search for every possible advantage over the competition, no
matter how small, to reduce lap times and win the race. While track testing is ultimately
the most valid testing method available, the amount of time and resources track testing
takes is prohibitive when searching for the perfect setup. As more restrictions are placed
on the amount of on-track testing by major racing sanctioning bodies, such as NASCAR,
teams have increased their attention to alternate testing methods to augment their track

data and better understand the dynamics of their racecars.

One popular alternative to track testing that can be used to better understand the vehicle’s
dynamics is shaker rig testing, such as 7-post or 8-post rig testing, as shown in Figure 1.1.
Seven-post rig testing is widely used in Formula-One racing, but has become popular in
NASCAR only in the last few years [1, 2]. During a 7-post or 8-post rig test, the tires are
supported by 4 actuated wheel platforms, or wheelloaders, that simulate inputs from the
track surface. Three or four actuators, or aeroloaders, attach to the vehicle’s chassis to
provide forces which simulate the effect of inertial and aerodynamic forces present
during a track test. The vehicle is shaken on the rig to simulate how the car would
respond at a particular track or to characterize the vehicle response to more general
waveforms such as sine waves or broadband signals. In this study all tests will be
conducted on an 8-post rig, but all work is applicable to a 7-post rig, so we will refer to 8-

post testing unless specifically referring to 7-post testing.



Figure 1.1. Synergy Racing car on 8-post rig (photo by author, 2009)

Eight-post testing is an attractive option to race teams, and has become very popular in
the past several years. Unlike track testing, rig testing can be conducted as much as the
team wants. Also, the costs due to facility rental, travel, number of personnel, gas, tires,
etc. is much lower for an 8-post rig test. The test conditions are more repeatable during
an 8-post rig test than during a track test, which makes it easier to distinguish between the

effect of changing the setup and test variability.

While 8-post rig testing certainly has advantages, there are also downsides. Some of the
major challenges will be discussed in further detail in Chapter 2. One issue with 8-post
rig testing is that while it is more efficient than track testing, an extensive test matrix can
still take a long time. To take full advantage of 8-post rig tests, more efficient

experimental design methods are needed.

During an 8-post rig test, different vehicle adjustments are made to determine the effect
of each adjustment and to find ideal setups for different track conditions. Some of the

parameters that can be considered in a typical 8-post rig test are shown in Table 1.1.



Table 1.1. Potential 8-post rig testing adjustments

12 shock settings per corner x4 = 48
1 spring rate and 1 preload per corner x4 = 8
1 rollbar rate per axle X2 = 2
1 trackbar height x1 = 1
1 tire pressure per tire x4 = 4

63 parameters

Of the 63 possible adjustments, investigating the 48 potential shock absorber adjustments
can easily be the most time-consuming. In this study, we will use the terms shock and
shock absorber interchangeably. This burden is further confounded by the fact that most
of those shock adjustments are internal to the shock, so there needs to be a shock built for
each adjustment. This motivates us to determine efficient methods to vary the shock

parameters, since we have the most to gain by reducing this effort.

Clearly, the shock adjustments can add the most complexity to any 8-post rig test
experimental design. If we could find a way to characterize the effect of shock
adjustments, and use that information to run a shaker rig test more efficiently, then we

could significantly reduce the complexity of our tests.

While running a large test matrix will give the best results, it is often impractical. Most
experimental designs in 8-post testing are done in a guess-and-check manner. This
consists of the engineers guessing a list of potential setups, testing them, and checking the
test data. After checking the data, they may generate further lists. This method clearly
has problems. First, only information on those particular setups is gained, not more
general sensitivity information that could be used to tune shocks. Second, potential gains
can be missed if the setup is not part of the guessed list. Third, if the guesses are poor,
there is often no indication of what to try next. Clearly, this method is highly dependent

on the engineer’s ability to guess setups.

Most teams also test their shocks on a shock dynamometer. Since shocks can be the most
challenging components to tune during a rig test, knowing how the shock performs at a
component level before running shaker rig tests could be very useful. While finding a
practical method to apply shock data to 8-post rig testing remains a major challenge, the
potential improvement in testing efficiency could be significant.
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1.2 Objectives

The overall objective of this work is to develop methods to use race shock data from
shock dynamometer tests to improve shaker rig testing. The detailed objectives of this

study are to

1. Characterize the performance of race shocks,

2. Develop a validated mathematical model that uses prior 8-post rig test data to

predict the influence of shock absorber selection in future 8-post rig tests, and

3. Apply the model to improve the efficiency of 8-post tests.

1.3 Approach

This study develops a novel method that applies system identification for dynamic
substructuring to generate a mathematical model that predicts the results of future tests as
both command inputs and components are changed. Dynamic substructuring represents
the behavior of a complex system as an assembly of simpler substructures and their
interactions, as shown in Figure 1.2. This modeling technique allows us to investigate
the effect of changing various system components by swapping substructure models that
represent the system components. This study will apply system identification techniques

to identify mathematical models for all substructures from experimental data.

Inputs Substructure Outputs

1

/)

Substructure Substructure

y
v

Figure 1.2. Dynamic substructuring example
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This method is used to predict the results of 8-post rig tests as actuator commands and
shock absorber forces are varied. The resulting model can then be coupled with shock
absorber models to simulate how the vehicle response changes with shock absorber

selection. This model can then be applied to experimental design.
The detailed steps that will be taken to achieve the objectives are:

Shock Modeling

1. Develop characterizations of race shock performance using a shock

dynamometer,

Quarter-Car Study
2. Develop a method to identify a vehicle model using simulated quarter-car rig
data,

3. Run experiment on quarter-car rig and apply identification method,

8-Post Rig Study
4. Expand method to full scale using simulated 8-post rig data,

5. Apply method to 8-post rig data and validate model accuracy, and

Apply Method
6. Use model to predict vehicle performance for different setups and help select
setups, and
7. Conduct rig tests for different shock setups to validate the model’s ability to

predict vehicle performance and select setups.

Step 1 involves developing shock absorber models using shock dynamometer data. First,
a series of shock dynamometer tests were run on different shock builds, which are used
for both model fitting and validation purposes. Candidate shock models are developed,
which are then fitted with the experimental data. Additional dynamometer data is used to

validate the model performance and see where the model performs well.



To make it easier to develop the vehicle system identification method, it was done first at
a quarter-car scale in Steps 2 and 3. To make sure the identification method can extract
the vehicle model accurately, the method is first applied to simulated data in Step 2
generated by a known quarter-car model. Once the system identification method has
been proven on simulated data, it is then applied to test data collected from a quarter-car

rig in Step 3 to verify that the method will work on real data.

The method is expanded to full 8-post rig scale in Steps 4 and 5. Similar to the quarter-
car study, the method is first developed using simulated 8-post rig data to work out the

bugs before it is applied to actual rig data.

Once the 8-post rig vehicle model is created, Step 6 applies the model to help select
shock setups and identify sensitivity information. The results from Step 6 are validated

in Step 7 by running a series of rig tests for some of the same setups considered in Step 6.

1.4 Contribution

As discussed above, the contribution of this research to both the racing industry and the
larger engineering community is significant. The expected contributions of this work to

the racing industry include
1. Providing more accurate empirical shock absorber models that can be used for
simulation studies,

2. Providing a method to identify an empirical model of the influence of

component selection during 8-post rig testing, and

3. Improving the efficiency of 8-post test sessions by using model to identify

trends and help shock selection.
This work may also have a larger impact on the engineering community since

1. The method may be extended to include additional components,



2. The models can be used to suggest targets for shock design or be used as a
part of a larger vehicle simulation, and
3. The models and methods may be valid for different classes of vehicles or

other dynamic systems.

1.5 Outline

This study begins by developing shock absorber models, proceeds by developing the
vehicle model identification method at quarter-car and full-car scales, and concludes by
applying the identified model to predict trends in the vehicle response as shock setups are
changed. Chapter 2 covers relevant background information. Chapter 3 covers the shock
absorber modeling. Chapter 4 covers the quarter-car study. Chapter 5 develops the
method at full-vehicle scale using simulated data from a 7 degree of freedom model.
Chapter 6 applies the method to actual 8-post rig data and validates the model with
additional data sets. Chapter 7 applies the model identified in Chapter 6 to determine
which setups will have a high or low RMS response level, which is then verified for
several setups on the 8-post rig. Chapter 8 provides summary, conclusions, and

recommendations for future work.



Chapter 2
Background

This chapter presents background information that the reader may find useful while
reading this document. The chapter begins by casting this research in a larger analytical
framework suitable for a larger class of engineering problems. It continues by
highlighting several design requirements of a racing suspension and the role of the shock
absorber. Next, the construction of the shock absorber used in this study is described.
Then, prior work in shock absorber modeling is covered. Next, a summary of the
development of 8-post technology and the published work in that area is presented.

Finally, the role of experimental data in developing quality vehicle models is discussed.

2.1 Analytical Framework

While this research focuses on the application of shock selection during an 8-post rig test,
the approach and methods used in this research are applicable for a larger class of
engineering problems. To highlight how this research is applicable for a larger class of
problems, this section presents this research within a more general analytical framework.
First, the concept of dynamic substructuring is presented as a convenient approach for
manipulating complex models. After presenting the concept of dynamic substructuring,
the concept will then be applied to the problem of shock selection during 8-post rig
testing. The 8-post rig test will be shown to be a test of a substructure of the more
complex vehicle system. The vehicle during the 8-post rig test may be further
substructured into the components of interest. In this study our focus is shock absorbers,
so the vehicle on the 8-post rig will be substructured into 4 substructures for the shock
absorbers and one main substructure representing the vehicle and any remaining vehicle
components. Once the vehicle substructuring has been established, this framework can

then be used to state the shock absorber optimization problem and the 8-post rig



substructure system identification problem. At this point, we will formally state the

problem addressed in this research.

2.1.1 Dynamic Substructuring

Dynamic substructuring is a strategy to model a complex system as an assembly of
substructures and interactions between the substructures. An example of substructuring a
system into three substructures is shown in Figure 2.1. Substructuring involves dividing
a larger structure into substructures, which are chosen to best suit the application. Each
substructure is treated as a separate system, with inputs and outputs that are used to
couple the substructures, accept the system inputs, and generate the system outputs. In
mechanical systems, these interactions typically consist of a compatibility constraint on

displacement and an equilibrium constraint on force.

Inputs Substructure Outputs

1

n
»

\ 4

Substructure Substructure

Figure 2.1. Dynamic substructuring example

Since substructuring allows the user to change model components as a substructure, the
technique can be thought of as a compromise between black-box modeling and physical

modeling.
Some of the potential advantages of substructuring include

1. Using a combination of empirical and analytical models;
2. Allowing work to be done on a simpler system, which can be useful for

a. Model Derivation,



b. Experiments,
c. Analysis,
d. Simulation, and
e. System Identification;
3. Exploring the effect of changing components and geometry by changing

substructures and topology;
4. Increasing computational efficiency; and

5. Predicting the internal response, such as forces applied to a component.

2.1.2 Vehicle Substructuring

A car on the road may be substructured by drawing a control surface around the chassis,
cutting through the shocks, springs, and control arms. This control surface will also
intersect the brakes, throttle, and steering, which are controlled by the driver. These
components act to couple the chassis to the wheels. At each cut, the interaction is
represented by geometric compatibility and force equilibrium. The tire is mounted on the
wheel, and the tire interacts with the road surface. Also, aerodynamic forces are
generated due to the chassis velocity, height from the road surface, and orientation. This
substructuring is shown in Figure 2.2. The vehicle on the 8-post rig is consistent with the

subsystems enclosed by the dashed line.

On the 8-post rig, the forces applied are primarily in the vertical direction. While the
lateral and longitudinal tire grip on the low friction wheelloader platens will apply small
lateral and longitudinal forces to the vehicle, these are often not large enough to create
significant motion in the lateral, longitudinal, and yaw degrees of freedom. These
degrees of freedom, which may be considered the yaw-plane dynamics, are present on the
rig but are not significantly excited by the rig. On the track, these dynamics are excited
by the lateral and longitudinal tire grip and the inertial forces due to the vehicle’s
trajectory on the track. When on the track, the yaw-plane dynamics couple with the
remaining dynamics, which we will call the vertical dynamics. This coupling can be

represented as shown in Figure 2.3.
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Figure 2.2. Substructuring for car on track

Yaw-Plane
Dynamics
7 Vertical 5
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Vertical >
Dynamics
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Since the 8-post rig test only excites a substructure of the complete vehicle system that
we wish to optimize, optimization of the vehicle performance during an 8-post rig test

becomes a challenging task. There are several methods that can be applied to apply 8-

Figure 2.3. (a) Vehicle dynamics present on 8-post rig,

(b) Dynamics excited by 8-post rig

post rig data to improve performance on the race track, which include

1. Correlation: Neglecting the coupling and tuning for metrics on the rig that have

shown correlation with good track performance in previous studies,
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2. Hardware-in-the-Loop: Including a model of the dynamics not excited on the 8-
post rig and modifying the actuator commands to reflect how the coupling would

affect the vertical dynamics, and

3. Identification and Synthesis: Using the data collected from an 8-post rig test to
identify a model of the vertical dynamics to be synthesized with other components

for vehicle simulations.

In this study, we will apply method 1. The model that this work produces could also be
integrated into a larger vehicle model as part of method 3. Method 2 requires actually

modifying the actuator commands during the 8-post rig test and is not used here.

2.1.3 8-Post Rig Substructuring

Since this study focuses on shock absorber selection on the 8-post rig, we substructure

the 8-post rig model into a car model and 4 shock absorber models, as shown in Figure

2.4. Bach model block consists of a model structure M (+), which is parameterized by

the parameter vector € € ©.

Vehicle on 8-Post Rig

Actuators | > MW( gmr) | Sensors
RN § S S 5 S——

| M shock (aLF ) M shock (HRF ) M shock (HLR ) M shock (HLR )

Figure 2.4. Vehicle on 8-post rig and shock model substructuring

Using this framework, we can define the problems of shock optimization and system

1dentification that will be addressed in this research.
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2.1.4 Optimization Problem

For a given car, we wish to select the best shock absorbers out of a set of candidate shock
absorbers. The problem of shock absorber selection may be defined more formally as an
optimization problem. The quality of a particular shock selection will be determined by a
series of tests that will be conducted and an objective measure that will be calculated
from the recorded data. There may also be secondary measures that must not exceed
certain levels for an acceptable setup. This can be stated formally as an optimization

problem.

Define k to be the sample index corresponding to time kAf, where At is the sampling
time. We then define u/k/ and y/k] to be the vector inputs and outputs recorded at

sample index k. Also define

Uk:[u[l] u[2] u[k]]
v =[] y[2] o y[A]]

2.1)

which is all the sampled signals up to time index k. Defining the test to be K samples

long, the matrix U* defines the drivefiles used for rig testing. The dynamics of the 8-

post rig can then be described by the nonlinear mapping

0

RF >

6,

LR>

M(6

LF >

O ) :US > Y" (2.2)

where the parameters 6, define the shock selection, which may be selected from the

shock selection space ®. The optimization problem of selecting the best shock

absorbers can then be stated

Minimize J(UK Y& )

subject to
M(@LF,HRF,HLR,HRR):UK%YK (2.3)
HLF s eRF s eLR ’eRR € @
G(U*,Y*)<0
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where J represents the objective function and G represents constraints on secondary
response measures. This problem can be solved using gradient-based nonlinear

programming methods if the candidate shock model parameter space is continuous and

J (-) and M (-) are differentiable. If the candidate shock model parameters are discrete,

integer programming methods must be used.

2.1.5 System ldentification Problem

To perform the optimization problem shown in Equation (2.3) in simulation or
analytically, the dynamics of the vehicle on the 8-post rig and the influence of shock
selection must be known. A convenient method for determining the dynamics of the

system is to perform system identification on the substructures shown in Figure 2.4.

The generic system identification process is shown in Figure 2.5. The process is initiated
by defining a target system, which we wish to describe using a mathematical model. A
series of tests are performed on the target system, where the target system input and
output data is recorded. The experimental data is used both to perform system
identification and to assess the model quality. System identification applies the
experimental data to generate a mathematical model of the system. Once the model is
identified, the response predicted by the model is compared to the response measured
from the target system. If this comparison shows that the identified model is not
sufficient for the particular application, the testing or system identification processes

must be adjusted until an acceptable model is produced.

Target . System Assess
Testing »| Identification »| Model Quality

A A

Model
Acceptable?

y
y

Apply
Model

Modify Testing
or ID Methods

Figure 2.5. System identification flowchart

This study will first develop the testing and system identification methods in simulation

before performing laboratory testing. To develop the methods in simulation, a known
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mathematical model is used for the target system. Simulation results are used as
simulated data sets, which can be used for system identification and assessing model
quality. By eliminating modeling error due to signal noise, system nonlinearity, and
repeatability, the simulation study will highlight weaknesses in the testing and system

identification processes.

To perform system identification, three things must be defined

1. A model structure M (+),

2. A measure of model quality, and

3. A method of selecting model parameters given sufficient experimental data.

Another requirement is that the excitation signals must be sufficiently rich (sufficient
richness) and the model structure must be such that the true model parameters are a
unique optimal solution in terms of model quality (identifiability). This restriction
requires linearly independent excitation for each input and that the model structure is not

overly complex.

In this study, we will consider models for the vehicle and the shock absorbers. The

model for the shock will be

Mshock (eshock) : Uslzock - }/sfock (2 4)

where UX

shock

and Y,  are the input and output histories for the shock substructure.

Multiple shock absorbers will be tested at the component level on a shock dynamometer
to provide the data required for shock system identification. Since multiple shocks will
be tested and modeled, there will be a parameter vector 6, , for each shock tested. This
means that the space of candidate shock models, ®, will consist of a finite number of
points. Since ® is not continuous, integer programming methods will be used to solve

the optimization problem in Equation (2.3).

The model for the vehicle will be
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MW(H ):UL > Y (2.5)

car car

Where US and YX are the input and output histories for the car substructure. Since we

car

will only test with one vehicle in this study, there will be only one parameter vector @, .

One conventional testing method for collecting the data needed for system identification
would involve applying independent external forces to each input of the car substructure.
This research will focus on identifying the car substructure model in Equation (2.5) with

only data from complete 8-post structure testing and shock substructure testing.

2.1.6 Problem Statement

The main question that we attempt to answer in this research is:

Can the time required to find desirable shock absorber setups on the 8-post rig be

reduced using dynamic substructuring for system identification and optimization?
To perform this, we will need

1. Shock absorber models,
2. A model of the vehicle on the 8-post rig and how it interacts with the shock
absorbers, and

3. An objective function to rate the quality of different shock setups.

For the shock absorber substructure models, we will choose a model structure which is
motivated by the dominant velocity dependence of the device and the secondary

influence of fluid compressibility to add phase lag.

For the vehicle substructure model, we will use a linear model structure. The assumption
of linearity may prove to be insufficient to capture some of the dynamics, but it should
predict general trends that will help in shock selection. These issues will be discussed in

more detail later in this chapter.

The choice of a successful objective function remains a challenge. As discussed above,

the 8-post rig test can be considered a test of a substructure of the complete vehicle on the
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racetrack. Rigorous analytical or simulation methods would require modeling of the
entire vehicle, including the tire/track interface, aerodynamics, braking, powertrain, and
steering. These models would either be used in a hardware-in-the-loop sense or to be
synthesized with a model of the vertical dynamics identified from the rig. Developing
and validating this level of modeling requires a large database of experimental data,

which is not available at this time and is beyond the scope of this research.

The most common approach in the 8-post testing industry is to use statistics, or response
measures, which have shown to be consistent with favorable track performance. The
selection of the proper response measures to analyze is typically based on the experience
of the engineers, not a formal correlation analysis. These response measures are typically
weighted combinations of the RMS or MS response of the tire force, ride height,

suspension deflection, and other measured or calculated signals in the form

1

J=> p, RMS(»,) (2.6)

i=1

where p, is the weighting factor for the RMS of signal y,. The signal may be bandpass

filtered to the frequency range of interest, and may include an entire test run or focus on a

critical segment of the test.

The models should be chosen by the user to sufficiently characterize the desired
dynamics for the application and to be evaluated quickly for efficient simulations. To be
considered successful, the resulting model must be fast enough to be run many times in a

day to provide suggestions for further 8-post testing.

In practice, the user would also need to select their objective function based on their best
knowledge of what is most appropriate for their application. Since we do not have a
validated objective function to suggest to users and this method could be used for a range
of applications, our metric of success will be the ability to predict how the RMS levels
shown in Equation (2.6) vary when changing shock setups. If we can successfully

identify trends in these RMS measures, we will consider this method a success.
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2.1.7 Dynamic Substructuring Research

Most research in system identification in dynamic substructuring focuses on linear
second-order modal models [3]. In these studies, sensors must be placed on the structure
to identify the modes of interest and viscous or structural damping assumptions were

often made.

More recent work has applied more generic input/output model structures to
substructuring [4, 5]. The presented method identifies models of each substructure
independently, after which the substructure models are synthesized to create the structural
model. This method requires testing of all structures independently and also requires
excitation and sensors at all interface degrees of freedom. One method to provide

excitation at a boundary degree of freedom is to perform tests with multiple point masses

[4].

In 2008, a study was published that performs identification using a mixture of structure
and substructure data [6]. This is particularly useful when one of the structures is
difficult to test independently or behaves significantly different as part of the structure.

This method requires inputs to both substructures and the interface degrees of freedom.

2.2 Suspension Design and the Role of the Shock Absorber

The ability of the tire to maintain contact with the race track over bumps and around
corners is critical for achieving the best performance of a race car [7]. The suspension
determines the coupling between the chassis and the wheel, which determines how the
work done from external forces from the road and air propagate through the vehicle as
kinetic energy, potential energy, and dissipated energy. The proper design and tuning of
the suspension can mean the difference betwe