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INVESTIGATION ON THE EFFECTS OF STIFFNESS AND 
DAMPING COEFFICIENTS OF THE SUSPENSION SYSTEM 

OF A VEHICLE ON THE RIDE AND HANDLING 
PERFORMANCE 

Mohammad ZEHSAZ1, Farid Vakili-TAHAMI2, Amin PAYKANI3 
 

Ride and handling characteristics of vehicles are the most important issues 
in the vehicle dynamic behavior. Therefore, this study examines the simultaneous 
behavior of ride comfort and good handling of vehicle by presenting a model with 
nine degrees of freedom. A computer code has been developed and used to solve this 
model with different parameters for the suspension system of a vehicle. The results 
show the effects of damping and stiffness of the system on three rotational motions, 
roll, pitch, and yaw. It has been shown that in cornering, by increasing the stiffness 
and damping, roll and pitch are reduced, but when passing through external bump, 
roll and pitch are increased. 
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1. Introduction 

One of the important factors in vehicle design is vehicle dynamic 
performance. Automotive manufacturers have tried to improve dynamic behavior 
of vehicles. When vehicle is moving, the vibration from the road surface 
negatively affects the ride comfort, handling stability and speed. Furthermore, this 
can also damage vehicle components. The purpose of vehicle’s suspension system 
is to isolate the vehicle from the uncomfortable vibrations transmitted from the 
road through the tires and to transmit the control forces back to the tires so that the 
driver can keep the vehicle under control [1].Numerous theoretical analyses and 
experimental studies have been carried out to propose methods resulting in better 
control of vehicle and getting the optimal performance of the suspension and 
steering systems for passengers' safety and comfort. For this purpose, different 
models have been developed which include simple linear model with one-degree-
of-freedom and more complex and nonlinear models of rigid bodies. Simple 
vehicle models can provide an overall view of the vehicle behavior in certain 
conditions. But for a more detailed study, full vehicle model is used to study a 
wide range of different maneuvers and conditions. The simple linear models are 
valid only for systems with acceleration of less than 0.3g, so for the analysis of 
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systems with higher accelerations, use of nonlinear models is essential [2]. Since 
the vehicle includes components such as suspension system, steering, brakes, 
transmissions and tires, the vehicle dynamic behavior depends on the behavior of 
all its components and to simulate the vehicle dynamic, acceptable dynamic 
models of each of these components must be obtained and used. Analytical or 
numerical simulations based on tires' geometric and physical properties, and their 
quality have been started since 1940 [3]. Usually, two types of models have been 
used to model the tire: in one type the tire is considered as a string and in the other 
type as a beam. In both of the models, the objective is to investigate the tire 
behavior in the range of its contact with the road surface area and the equations 
obtained based on it, give the forces and torques resulted from tire contact with 
the road bed. Although these models are complex, their results are relatively 
satisfactory. The history and complete discussion of the tire modeling can be 
found in Refs. [4-7]. 

One of the most simple and useful models for vehicle dynamic was 
presented by Segel which was the main base for the next theoretical and 
experimental researches [8]. In this model, three degrees of freedom rolling, 
rotation and lateral movement were considered for the vehicle. Since this model 
was linear, it was able to obtain rotational rate response, lateral acceleration and 
rolling speed towards the front wheel steering angle by using conversion functions 
in frequency domain. 

In mid-1960, automobile companies in USA, Europe and Japan have 
began extensive researches in the field of steering ability, easy traveling, safety 
and vehicle design and its components using nonlinear modeling [9-10]. 
Examples of these models are the seven-degree-of-freedom model used by Toyota 
[11] and sustainability model developed in Chrysler [12]. Zhu et al. [13] used a-
seven-degrees-of-freedom model for the vehicle, this model was used to study the 
random vibrations of a nonlinear suspension system. In another study by Cation et 
al. [14] a-six-degrees-of-freedom model was used to study the applied vibrations 
into the chassis. In this system, non-suspended masses, including four wheels 
have been introduced which have independent movement or one degree of 
freedom. Also, cabin is included with two degrees of freedom which one of them 
is in the vertical direction and the other in angular movement around the 
longitudinal axis. 

This study investigates the effect of stiffness and damping coefficients of 
the suspension system of a vehicle on the combined riding and handling 
performance of a vehicle by providing a model with nine-degrees-of-freedom, and 
discusses the results of the effects of vehicle damping and stiffness on three 
rotational motions: roll, pitch and yaw. In addition, stiffness and damping effect 
on turning radius of vehicles has been studied. The Lagrange method was used for 
writing equations of motion. Derived differential equations were solved using 
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SIMULINK. Also, a computer code has been developed using programming 
language DELPHI 6.0 to solve the governing differential equations. The results 
obtained using these two programs was compared to validate the solution method 
and its accuracy. 

2. Vehicle dynamic simulation 

In this study, a nonlinear model has been used in which the chassis is 
considered with five-degrees-of-freedom and wheels with four-degrees-of-
freedom, so overall degrees of freedom for the vehicle-model is nine. Also, the 
front suspension system of the vehicle is assumed to be independent. Each of the 
front wheels has one degree of freedom in the vertical direction. The degrees of 
freedom for the right and left front wheels are shown by z1 and z2 respectively. 
The rear suspension system is considered as integrated with rigid axle and two 
degrees of freedom, one in the vertical direction z3 and the other rotational γ. The 
longitudinal vehicle dynamics is ignored and it is assumed that the vehicle moves 
in longitudinal direction with constant speed. Eq. (1) shows the governing 
equations of motion of the vehicle based on the Lagrange equations in terms of 
general coordinates. 
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In this paper, inputs applied to the wheels through the road, are shown by 

u1(t), u2(t), u3(t) and u4(t) and applied input from the steering wheel of the vehicle 
to the wheels is shown by δ (t). It should be noted that, wheels not only have 
movement in vertical direction and yaw but also they move along with the body in 
x and y directions. Eq. (2) shows the total kinetic energy of the vehicle,  
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In this equation, it has been assumed that 
221
ufM

mm =  and m3=Mur. 

where ufM  is the front unsprung mass and Mur is rear unsprung mass. 
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    where lf is the longitudinal distances measured from the CG to the front axle.  
Suspension system consists of two basic energy- storing and dissipating elements, 
and their combined performance causes vehicle's smooth motion. In this paper, 
the suspension system is considered as a vibrating model including mass and 
damper. Linear spring and dampers are used to model the suspension system and 
the tire is modeled with two spring and damper which are connected to each other 
paralleled. Fig. 1 shows the degrees of freedom and establishment of the 
suspension system and front wheels. Eq. (4) gives the potential energy of the 
right-hand side spring obtained with regard to the displacement of its two ends. 

 

 
Fig. 1. degrees of freedom and establishment of the suspension system and front tires. 
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 In this equation displacement equals: 
ψψ aflzz +−=Δ                                                                          (5) 

 where a is the transverse distance between the suspension springs and chassis's 
center of gravity that equals: 

stwt
ft

a +−= 2                                                                            (6) 

         The relative displacements of two ends of right-hand side springs are 
obtained through Eq. (7), 

11 z
wt
staflzz −+−= ϕψ                                                                 (7)  

            The potential energy of the left-hand side front spring is obtained using 
Eq. (8). 
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      The front suspension has a balancing shaft (anti-twist), which controls the 
wheels, and its potential energy is obtained using Eq. (9), 

2)21(2
12

2
1

5 l

lzz
tfktfkV ′

′′−−
==

ϕ
θ                                           (9) 

 Fig. 2 shows the degrees of freedom and establishment of the front tires and 
suspension system. Eqs. (10) and (11) indicate the rear right spring and the rear 
left spring potential energies, respectively. 

 
Fig. 2. degrees of freedom and establishment of the suspension system and rear tires. 
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       If the tire stiffness value is equal to kt, and the input u is applied to the tire 
from the road, potential energy of the front and rear tires is obtained from Eqs. 
(12) and (13), 
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Eq. (14) shows the overall potential energy of the vehicle, 
V=Vg+V1+V2+V3+V4+V5+V6+V7                                            (14) 

In which Vg is equal to: 
Vg=Msgz+m1gz1+ m2gz2+ m3gz3+ m4gz4                                     (15) 

where Mg is the chassis mass and , ,1 2 3 4m m m and m are the wheels masses. 

  The suspension system has dampers which help to reduce the amplitude of the 
vibration of the vehicle by dissipating energy which can be calculated. In this 
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paper linear dampers are used and according to Rayleigh function, the term ଵ
ଶ
ሶ∆ܥ ଶ 

is used to calculate the dissipated energy. In this term C is the spring damping 
coefficient and Δ  is the relative speed of the two heads of the damper. Also, to 
model the energy dissipating effect of springs, a damper element has been added 
next to each spring. Differentiating the above equations gives the relative speed of 
damper ends. Also, using Lagrange equation (Eq. 1) the governing dynamic 
equations for the vehicle motion are achieved. In these equations qi are the general 
coordinates or degrees of freedom which include variables, z, z1, z2, z3, γ, φ, Ψ 
and α.  

 The external forces on the vehicle are due to the tire contact with the ground or 
the aerodynamic forces and air resistance. Since, the longitudinal vehicle 
dynamics has not been considered in this research and the vehicle is moving in 
longitudinal direction at a constant speed, it would be possible to drop the effects 
of aerodynamic forces, braking forces, applied longitudinal forces from the 
driving wheels and longitudinal Rolling resistance. Fig. 3 depicts the general 
applied forces to the vehicle. Eqs. (16) to (19) show the components of the forces 
and torques applied to the vehicle. The forces along other degrees of freedom or 
either zero or they are given in terms of other dynamic equations. 
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Fig.  3. Applied general forces on the vehicle. 
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αδαδδ QyyQxxQQ ++=                                                       (17) 
Q = (Fy1+Fy2)cosδ + (Fy3+Fy4)                                                (18) 

Qα = (Fy1+Fy2)lfcosδ-(Fy3+Fy4)lr+0.5(Fy1-Fy2)tfsinδ-Mz1- Mz2- Mz3- Mz4       (19) 
The External forces are always applied to the tires due to the moving of the 

vehicle along the road, for example, when a maneuver is carried out in the vehicle, 
it causes lateral acceleration which consequently causes lateral force in the tire. 
By changing the vertical reaction force due to the change in the lateral 
acceleration, the applied forces on the wheels will also change. Therefore, 
developing a model that is able to implement this dependence would be 
inevitable. Different non-linear models have been proposed to simulate the forces 
between the tire and the road surface among those Kaspian's model was used in 
this research [14-16]. 
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      In the above equation, A0, A1, A2 are Kaspian's coefficients which depend on 
the type of tire and Fzi is the vertical force applied on each wheel. Eq. (21) shows 
the lateral forces of the tires as a function of the vertical forces, slip angle, 
coefficient of the lateral stiffness, lateral friction coefficient, the maximum 
permissible load, tire camber angle, hardness due to tire camber angle and type of 
tire slip. 

iilziyiyi FfFSNF γαμ .)(...)( +=                                         (21) 
In this equation f(αi) is the dimensionless function of the slip angle and is defined 
as Eq. (22). 
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And αi is the slip angle variable and is defined as follows: 
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The governing differential equations of motion with nine-degrees-of-freedom 
derived using equations of state, reduced from second order to the first order and 
then are solved using SIMULINK program from MATLAB software. In this 
approach, the second order differential equations were converted to first order 
differential equations using state equations. Then, state equations were substituted 
within the following equation  
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Then, all of equations are obtained in the below form. 

),,...,,,( 18321 tXXXXFXi =                                              (26) 

3. The road inputs 

For dynamic analysis of the vehicle and its suspension system the following 
inputs have been considered. 
 
3.1. Smooth road inputs 
 
    In this case vehicle passes through the smooth surface. The effects of road 
surface were not applied in this analysis. 

u1(t)= u2(t)= u3(t)= u4(t)=0                                                       (27) 
    This case was considered in order to observe the direct effect of the vehicle 
steering and acceleration on the response. 
 
3.2. Random input 

Another type of input which models the road surface profile is the random 
vibrations which are the combination of a number of sinusoidal random waves. 
This type of input data describes the type of common roads and pavements.  
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     In this equation A(f), is the amplitude of the road roughness spectrum, f is the 
frequency of road roughness, t is time, M is the number of harmonics, θ(f) is the 
phase angle (θ(f)=2π(RND-0.5), 0<RND<1). Where RND is a random number 
[17].  
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3.3. Bump input 
This model shows the possible bumps that vehicles may face in some cases. In 

this type of model two wheels of the one side of the vehicle are passing through a 
bump in a specific time interval. With this type of input, it would be possible to 
examine the performance or effect of stiffness, the dampers, and front and rear 
suspension mechanisms and also the roll, pitch and vertical movement of the 
body. In this case, the wheels of one side of the vehicle or all wheels or just one of 
the wheels enter into the bump. This type of input can be in the form of 
depressions or bumps. If the distance between the two axles of the vehicle is L and 
vehicle is in motion with speed of V, the rear wheels will enter the bump with the 
delay time of T = L / V. Therefore, the input is defined as u (t) = U (t-T) for the 
rear wheels. Eq. (29) shows the profile of the bump. 
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4. Steering input and Driver's maneuvers 
 

This case is used to study and analyze the performance of the suspension and 
steering systems and also the effects of the different inputs of the steering on the 
dynamic behavior of the vehicle. 

 
4.1. Vehicle moving along the horizon without applying steering 

In this case, there is no steering input, and the aim is to evaluate the effects of 
the road input or effects of the acceleration and braking. Movements involving 
with ride appear in this type of input. 

 
4.2. The motion to change the line 
   In this case, the change of moving direction is modeled. This type of input is 
used to study the handling. 
 
4.3. Step steer 

This type of input, like Lane change, is used for the good handling. Under 
steering or over steering situations can be realized using this model.  
Table 1 shows the dimensions, sizes and parameters which are used to perform the 
simulation. 
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Table 1  
The parameters used for the simulation [18-19-20]. 

Ix hr hf hcg g Ct cr cf 

500 
(kg.m^2) 

270 
(mm) 

270 
(mm) 

500 
(mm) 

9.81 
(m/s^2) 

200 
(N.sec/m) 

1500 
(N.sec/m) 

2000 
(N.sec/m) 

kr kf I'x Ixz Iyz Ixy Iz Iy 

20000 
(N/m) 

20000 
(N/m) 

70 
(kg.m^2) 

150 
(kg.m^2) 

100 
(kg.m^2) 0 3200 

(kg.m^2) 
2460 

(kg.m^2) 

m1 Ms l" l' lr lf ktf kt 

40 (kg) 850 (kg) 200 
(mm) 

800 
(mm) 

1500 
(mm) 

1300 
(mm) 

2000 
(kN.Rad/m) 

175500 
(kN/m) 

tw ts tk td tr tf m3 m2 

600 
(mm) 500 (mm 700 

(mm)
600 

(mm)
1501 
(mm)

1522  
(mm)71  (kg) 40 (kg) 

      ω γ 

      2o 1o 

 
5. Results and discussion 

 
In this study the effects of vehicle stiffness and damping on the rotational 

motions roll, pitch and yaw are investigated. It should be noted that various inputs 
have different effects on these motions. In the first analysis, a step steer is applied 
in accordance with Fig. 4 and the effects of changes in the vehicle stiffness and 
damping on three rotational motions roll, pitch and yaw are investigated. The 
vehicle speed was set to be 108 km/h. In the second analysis the steering input is 
trajectory (Lane change). The vehicle speed was considered as 90 km/h. The 
maximum roll of the chassis for step-steer and Lane change, based on changes in 
the front and rear stiffness is shown in Fig. 5. As it can be seen, by increasing the 
rigidity of front and rear wheels, the amount of roll reduces. Fig. 6 shows the 
displacement of the chassis with changing the front and rear stiffness in a given 
time period which indicates an increase in the value of yaw with increasing the 
stiffness of the suspension system. Increasing the stiffness of the system results in 
reduction of the pitch value. But as it can be seen in Fig. 7, because the pitch is a 
good riding parameter and usually it is less excited in steering input motions, 
therefore, sometimes it is ignored in good handling analysis. 
    Figs. 8 to 10 demonstrate the variations of roll, pitch and yaw parameters with 
variation of vehicle damping obtained for the case with steering input as a step. 
These figures show the similar pattern for the change of damping coefficient with 
those obtained for the change of stiffness.  
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Fig. 4 Step steer input and Lane change input 
 

 
Fig. 5 Maximum chassis Roll based on changes in the vehicle front and rear stiffness for the step 

steer and Lane change. 

 
Fig. 6 The vehicle chassis deflection based on changes in the vehicle front and rear stiffness in a 

specific time period for the step steer and Lane change. 
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Fig. 7 Maximum chassis Pitch based on changes in the vehicle front and rear stiffness for the step 

steer and Lane change. 
 

 
Fig.8 Maximum chassis Roll based on changes in the vehicle front and rear damping for the step 

steer and Lane change. 

 
Fig. 9 The vehicle chassis deflection based on changes in the vehicle front and rear damping in a 

specific time period for the step steer and Lane change. 
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Fig. 10 Maximum chassis Pitch based on changes in the vehicle front and rear damping for the 

step steer and Lane change. 
 
Fig. 11 depicts the maximum amount of vehicle lateral acceleration which is 
increased with increasing the stiffness but the vertical acceleration of the body 
decreases with increasing the stiffness. Also Fig. 12 shows the maximum amount 
of vehicle lateral speed for step wise steering and Lane change and it can be seen 
that it is reduces with increasing the stiffness.  
 

       
Fig. 11 The vehicle's maximum lateral and vertical acceleration 

 

    
Fig. 12 The maximum value of lateral speed per step inputs and per Lane change 
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    The third input in this study is when the right side of the vehicle passes through 
a bump as shown in Fig. 13 and the effects of the torsional stiffness are obtained 
on roll and yaw. The vehicle speed was assumed to be 54km/hr. As it can be seen 
in Fig. 14, increasing the stiffness parameters of the suspension system results in 
enhanced vehicle roll and yaw values. Fig. 15 shows the maximum lateral and 
vertical acceleration respectively, which they have been increased by increasing 
the torsional stiffness. 

 
Fig. 13 Pit input. 

 

 
Fig. 14 the maximum body Roll and vehicle deviation based on changes in torsional stiffness for 

the pit input. 
 

     
Fig. 15 the maximum lateral and vertical acceleration for the pit input. 
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6. Conclusions 

The important quantity regarding ride comfort characteristics is the applied 
acceleration on the vehicle passengers. So the vehicle performance will be 
desired, when the lowest vertical acceleration is applied to the passengers. 
Therefore the diagrams of vertical acceleration were used to study the effect of 
stiffness and damping coefficient on ride comfort. In addition, the motions related 
to the handling and stability including transverse motion along y axis, yaw and 
roll motions was investigated. Regarding handling characteristics, the vehicle 
stability within a path means achieving a stable condition after an excitation. The 
vehicle performance is said to be desired if it has following conditions (a) The 
maximum angle of body roll has the minimum deviation from stable condition, 
(b) The maximum yaw angle has minimum deviation from stable condition (c) 
The above mentioned parameters reach to stable condition at less time and 
possible fastest period. 
1 – The type of the applied input of the vehicle acts as an important factor in 
determining the effects of the vehicle stiffness and damping coefficients. 
2 – The increase in vehicle stiffness and damping during the steering leads to 
decrease in pitch and roll values which this leads to enhanced stability. 
3 - The increase in vehicle stiffness and damping while crossing the bump leads to 
increase in pitch and roll values. 
4 – Whatever the value of the spring stiffness increases during turning, yaw is also 
increased which this facts results in reduction of turning radius. 
6 - Maximum lateral and vertical acceleration of the vehicle increases with 
increasing torsional stiffness. 
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