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Abstract—Suspension system is the mechanism that is applied between the tire and the body of a 
vehicle. It absorbs the undesirable force that exerted on the tire transmitted to the body of the vehicle. In 
order to reduce the undesirable force from uneven road, the spring stiffness and damping value of the 
suspension should be tuned to improve the passengers’ comfort. The suspension is tuned at various values 
of spring stiffness and damping that initially verified from a commercial vehicle dynamic software. The 
tuning process considers the vertical and pitch performances of the vehicle through a simple step inputs. 
From the analysis, the values of overshoot for vertical and pitch motions are compared. The lower the 
values the better the performance of the tuned parameters. A sport utility vehicle (SUV) is used for this 
tuning analysis. The optimal values of spring stiffness and damping are determined and can be used for 
further dynamic control and comfort improvement study. 
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I. INTRODUCTION 

Suspension system is one of the most important and basic system in a vehicle. The purpose of suspension 
system is to isolate the vehicle from disturbances that can help driver can keep control of the vehicle and to 
protect the passenger from feel the shaking when they drive across the road with bump or hole or even on the 
smooth road. The suspension also helps to support the vehicle weight, improve the stability of vehicles and 
maintain the correct vehicle ride motion [1, 2]. There are main criteria to improve the comfort parameter the 
vehicle suspension system which are vibration isolation on the vehicle body, suspension travel between vehicle 
body with the wheel and road holding between the tires with road surface. Numerous studies have been 
conducted on the suspension system in order to minimize the vertical motion, as well as pitch and roll 
movements, as the vehicle passes over an irregular road, performs turning manoeuvres, and is accelerated or 
brakes heavily and to achieve the stability and ride comfort in the vehicle [3, 4]. 

Pitch and bounce vibration modes are as far as the ride is concerned. Basically, a pitch motion is an upward 
and downward movement of the front and rear of vehicle body. A pitch motion of vehicle is rotating on y-axis 
or lateral of the vehicle body through its centre of gravity and parallel to the air flow. In order to improve the 
ride comfort, the damping coefficient and the spring stiffness should be an optimal value. The optimal value of 
damping coefficient and spring stiffness will minimize the transmissibility of vibration from the rough surface 
that acting on the vehicles body. Furthermore, the ride natural frequency also will affect the pitch motion of the 
vehicles in order to reduce the resonant peak of the suspension. The higher the ride natural frequency will 
minimize the transmissibility of vibration. Ride frequency for front body and rear body are generally not same. 
The rear body needs higher natural frequency to catch up the front body to reduce the pitch motion [5-8]. 

In order to achieve the ride comfort for the vehicle, it need to find the suitable spring stiffness and the 
damping coefficient for ride dynamic of the vehicles. From the simulation process, it will produce line graph 
that need to simulate the different effect of vibration isolation when varied the value of spring stiffness and 
damping coefficient. The result from Matlab Simulink software need to transfer in CarSim software to analyse 
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the real motion of the passenger vehicle with different effect of real situation. The suspension will be test in the 
CarSim software with varies input parameter tuning until achieve the ride comfort of the passenger vehicles. 

Ride comfort is defined as the overall comfort including of the passenger during travel which is also known 
as ride quality. Suspension of the vehicle is the main factor to increase the ride comfort for passenger and 
vehicle. When the vehicle travel through unevenness road surface, the vehicle body will produce vibration 
isolation effect. The vibration isolation of the vehicle should be reducing in order to improve the ride comfort 
for passenger and vehicle. There are several steps to reduce the vibration which are improved the quality of the 
road condition, select suitable type of tyre for the vehicle and tuning the suspension with optimal parameter. It is 
because there are plays an important factor as an elastic components and damping element to absorb the 
vibration energy. Moreover, the elastic components also can buffer the impact, reduce vibration and transmit 
force respectively. It is known as the soul of chassis design which is an important component to ensure ride 
comfort and handling stability [9, 10]. 

The rigidity and damping parameter of the suspension system are selected through empirical design or 
optimization method. Since the vehicle ride comfort and handling stability are contradicting the suspension 
system, a compromise must be made to fulfil the requirement of both performances. The parameters of its 
suspension characteristic cannot be adjusted to the vehicle’s operational states and incentive changes. Hence, the 
further improvement of its vibration reduction performance is restrained. In order to get an optimal damping 
parameter for suspension system, it need to observe the vertical displacement of vehicle body, road input and 
ratio of wheel to indicate the comfort level for the passenger. A damping coefficient of 1000 Ns/m will produce 
the lowest transmissibility which are vibration isolation, suspension travel and road holding [11, 12]. 

In a vehicle system modelling, the vehicle dynamic behaviour can be determined when the forces exerting to 
the vehicle from the tires, gravity and aerodynamics. All of the movement will be effect on the comfort of 
vehicles. In order to achieve vehicle comfort, many aspects should consider such as the translational motion and 
moments of the vehicle system. Basically, a vehicle system consists of three translational motions and three 
moments which are the longitudinal motion through x-axis where the direction to the front of the vehicle is 
positive value, the lateral motion through the y-axis where the direction to the right side of the vehicle is the 
positive value, the vertical motion through z-axis where the upward direction is positive value, the roll moment 
about the x-axis where clockwise direction is positive, the pitch moment about the y-axis where clockwise is 
positive and the yaw moment about the z-axis where clockwise direction is positive [13-16].  

Most of the vehicle has a problem among the comfort of the vehicle when through the unevenness road. The 
vehicle will stimulate a harmonic response in the pitch mode due to road disturbance. Pitch motion of the 
vehicle will occur more rapidly compare to the heave motion in response to the vertical disturbances. Pitch 
motion and heave motion are related linked through the concept of “centres of oscillation”. The centres of 
oscillation may be determined by solving the Eigenvectors of two degree of freedom “Bounce-Pitch Model”. 
The interaction between pitch motion and heave motion may be examining the heave-pitch coupling term in the 
total stiffness matrix. Actually, pure pitch motion does not only effect the load transfer across on one axle but 
the load transfer will be support by both axle of the vehicle. This is because of rotational acceleration about the 
y-axis, through this effect is generally very small owing to the small pitch angles and low rotational acceleration. 
Mostly, the load transfer situation may be occur during the vehicle braking, accelerate or through unevenness 
road surface. When these situation happen, the pitch acceleration may be large, but in response to vertical 
disturbances this effect is likely to be small. The recovery of that pitch condition back to ride height results in 
weight transfer due to pitch [17, 18]. 

In this study, a 4DOF half car pitch plane ride model [19] that allowed the vehicle body to move in vertical 
and pitch direction and each wheel is allowed to move in vertical direction. Basically, in the pitch movement of 
vehicle body, the suspension system will produce a ride comfort rate and natural frequency. In order to improve 
the ride comfort of the vehicle, it need to reduce the vibration isolation on the suspension. The best vibration 
isolation will be achieved by keeping the natural frequency as low as possible. The lower the vibration isolation 
between the vehicle body vertical displacement response and road input, it will form a better performance on the 
suspension system for the vehicle. The suspension parameters of spring stiffness and damping are tuned based 
on original values. Simulation of the vehicle is performed at different tuned parameters. The performances of 
the vehicles in term of vertical vibration and pitch moment are analysed and compared to determine the 
comfortless of the vehicles. 

II. METHODOLOGY 

Previously verified 4DOF vehicle model (Fig. 1) [19, 20] is used for comparison with simulation software. In 
this research, the vehicle will be interpreted in a 4DOF pitch plane model. The model will be in x-z plane of the 
vehicle which is the side view of the vehicle with inputs of road disturbance zrr and/or zrf. The initial parameters 
of the vehicle is taken from commercial vehicle dynamic software CarSim (TABLE I). The spring stiffness ksf 
and ksr are tuned at different values as follows; k1 = 130 kN/m, k2 = 153 kN/m, k3 = 189 kN/m, k4 = 200 kN/m 
and k5 = 230 kN/m. While for damping value csf and csr are tuned at different values as follows; c1 = 10 kNs/m, 
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c2 = 20 kNs/m, c3 = 30 kNs/m, c4= 40 kNs/m and c5=50 kNs/m. Fig. 2 shows the SUV model from CarSim 
software. Fig. 3 shows step input for the 4DOF pitch model of the SUV.  

 

 
Fig. 1.  4DOF half-car pitch plane ride model 

TABLE I 
Initial parameters of SUV  

Parameter Value Unit 
Vehicle body mass, mb 2257 kg
Distance between CG and front axle, lf 1.33 m
Distance between CG and rear axle, lr 1.62 m
Pitch inertia, I 3524.9 kg/m2 
Front suspension spring stiffness, ksf 189000 N/m
Rear suspension spring stiffness, ksr 189000 N/m
Front suspension damping, csf 30000 Ns/m
Rear suspension damping, csr 30000 Ns/m
Front tire stiffness, ktf 250000 N/m
Rear tire stiffness, ktr 250000 N/m
Front wheel mass, mwf 125 kg
Rear wheel mass, mwr 150 kg

 

 
Fig. 2.  SUV model from CarSim 

 
Fig. 3.  Step input (0.1 m) for the 4DOF pitch model in Matlab 
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III. RESULTS AND DISCUSSION 

Fig. 4 until Fig. 8 show the results of pitch body effect with five constant values of spring stiffness on five 
different values of damping. When the vehicle hit the bump 0.1 m on the road surface, it will produce a result of 
amplitude overshoot and settling time with various pattern depending on parameters of vehicle, spring stiffness 
and damping value. In this study, only overshoot is analysed for the comfort performance since it affects the 
instant response of the suspension.  

Based on figures below, it can be observed that the overshoot of the pitch body affected by each value of 
spring stiffness and damping value. For example in Fig. 4(b), the value of overshoot at c5 = 50 kNs/m is 3.48 
degree. So, the lower the value of damping the lower the value of the overshoot pitch. It can be noted that when 
no damping is provided the amplitude of overshoot is increased with time which means passenger will be 
getting lots of vibration and also it can damage the vehicle with a lot of wear and tear in the system. The highest 
the value of damping will provide the vehicle more comfort during driving through an uneven road. So, to 
improve the comfort of the vehicle, it need to select the optimal spring stiffness and damping value that suitable 
with the SUV. 
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Fig. 4.  Pitch at constant spring rate (k1 = 130 kN/m) for SUV (a) Overall results, (b) Overshoot region enlarged 

 

Overshoot region 
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Fig. 5.  Pitch at constant spring rate (k2 = 153 kN/m) for SUV at overshoot region 

 

P
itc

h,
 d

eg

 
Fig. 6.  Pitch at constant spring rate (k3 = 189 kN/m) for SUV at overshoot region 
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Fig. 7.  Pitch at constant spring rate (k4 = 200 kN/m) for SUV at overshoot region 
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Fig. 8.  Pitch at constant spring rate (k5 = 230 kN/m) for SUV at overshoot region 

 
TABLE II summarizes the overshoot pitch value of the SUV at different spring stiffness and damping. Fig. 9 

shows the overall results for SUV in graphical form. It can be noted that the different spring stiffness and 
damping value the performance of the vehicle suspension system. Basically, the spring stiffness and damping 
value of suspension system will be selected depending on the vehicle parameter. If the vehicle has a heavy mass 
on the vehicle body, the spring stiffness and damping value should be higher to support the vertical motion of 
the vehicle body when hit a bump or driving through an uneven road. It is because suspension spring able to 
support the weight of vehicle body and passenger while a damper able to absorb and reduce the bounce force 
that exerted on the vehicle body. From overall simulation result for SUV, it can be noted that damping value is 
more important in vehicle compare to spring stiffness. It is because the damper will absorb the vertical force that 
affect the pitch motion on the vehicle body and reduce the bounce force from the road surface transmit to 
vehicle body while the spring of suspension only hold the vehicle body from the shock impact. So, in order to 
achieve the comfort of the vehicle, it need to select the optimal value of spring stiffness and damping which are 
suitable with the parameter of the SUV. From the figure, it can be observed that at lower values of damping and 
spring stiffness, the suspension produce the lowest overshoot. 

 

TABLE II 
Overshoot (pitch, deg) for SUV  

Spring stiffness, kN/m 
Damping value, kNs/m

c1 = 10 c2 = 20 c3 = 30 c4 = 40 c5 = 50 
Overshoot, degree 

k1 = 130 3.221 3.224 3.335 3.418 3.480 
k2 = 153 3.307 3.278 3.370 3.442 3.498 
k3 = 189 3.429 3.354 3.419 3.476 3.523 
k4 = 200 3.460 3.375 3.433 3.486 3.530 
k5 = 230 3.534 3.428 3.469 3.511 3.549 

 

 
Fig. 9.  Overshoot (pitch, deg) for SUV 
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Fig. 10 until Fig. 14 show that the result of vertical acceleration overshoot of the SUV at different value of 
spring stiffness and damping.  It can be observed the effect of vertical body acceleration based on the five-
different value of damping with constant spring stiffness on the SUV. For example, the vertical vibration 
overshoot is 8.456 m/s2 for damping value c5 = 50 kNs/m and spring stiffness k1 = 130 kN/m (Fig. 10(b)).  
Damper is the important component of the suspension system to absorb the undesirable force from the road 
exerted on the vehicle body. So, in order to improve the comfort of SUV, it is needed to determine the optimal 
damping value that are able to reduce the overshoot value of vertical body acceleration. It can be noted that from 
the simulation, the higher the value of damping on the SUV, the lower the overshoot of the vertical body 
acceleration. TABLE III summarizes the values of overshoot that experienced on vertical body acceleration with 
various spring stiffness and damping. It can see that the lowest overshoot value that experienced on vertical 
body acceleration on the SUV is at spring stiffness about 130 kN/s and damping value about 10 kNs/m. Fig. 15 
shows the distribution of vertical vibration overshoot at different damping and stiffness. It can be observed that 
the lowest value of overshoot is at the range of c1 and k1. 
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Fig. 10.  Vertical acceleration at constant spring rate (k1 =130 kN/m) for SUV (a) Overall results, (b) Overshoot region enlarged 

 

Overshoot region 
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Fig. 11.  Vertical acceleration at constant spring rate (k2 =153 kN/m) for SUV at overshoot region 
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Fig. 12.  Vertical acceleration at constant spring rate (k3 =189 kN/m) for SUV at overshoot region 
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Fig. 13.  Vertical acceleration at constant spring rate (k4 =200 kN/m) for SUV at overshoot region 
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Fig. 14.  Vertical acceleration at constant spring rate (k5 =230 kN/m) for SUV at overshoot region 

 

TABLE III 
Overshoot (vertical acceleration, m/s2) for SUV  

Spring stiffness, kN/m 
Damping value, kNs/m

c1 = 10 c2 = 20 c3 = 30 c4 = 40 c5 = 50 
Overshoot, m/s2

k1 = 130 7.467 8.470 8.338 8.400 8.456 
k2 = 153 7.783 8.403 8.367 8.417 8.468 
k3 = 189 7.989 8.378 8.410 8.444 8.485 
k4 = 200 8.051 8.293 8.423 8.452 8.491 
k5 = 230 8.216 8.238 8.458 8.473 8.505 

 
 

 
Fig. 15.  Overshoot (vertical acceleration, m/s2) for SUV 

 

IV. CONCLUSION 

Pitch motion of the vehicle body represents the motion the vehicle between front body and rear body. In this 
study, a 4DOF pitch plane half car ride model is used to simulate the performance of a SUV at a 0.1 m step 
input. The performance of the vehicle is determined through overshoot responses of the pitch and vertical 
vibration at different spring stiffness’s and damping values. Since smaller value of overshoot is considered as 
good in term of suspension response, the tuned parameters for both pitch and vertical vibration performance is 
in the range of 130 to 153 kN/m and 10 to 20 kNs/m. These values can be used later for actual vehicle tuning 
and comfort performance.  
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