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Abstract

Uneven oscillatory forces applied to an object cause vibration, which can lead to noise, discomfort, and mechanical wear. The
optimization of shock absorber thickness and weight is critical for enhancing vehicle performance on poorly maintained roads.
In automobiles, vibrations due to irregular road surfaces have been mitigated using shock absorbers to enhance performance,
comfort, and control. The main aim of this study was to determine the effect of automotive weights and shock absorber thickness
on automobile vibrations. The objectives of this study were; to formulate a mathematical model describing the effect of
automobile weight on unsteady vibrations; to generate numerical solutions of the mathematical model equations for the shock
absorber modified to reduce vibrations at the mounting points; and to analyze from the numerical solution the effects of increase
in velocity and weight on the automobile unsteady spring vibration. A mathematical model was developed, utilizing the central
difference scheme for discretization and solved using the Jacobian iterative method, with stability conditions implemented.
Through computational simulations, various thickness and weight configurations were tested under diverse road conditions. The
results indicate a significant improvement in shock absorber performance, with optimized configurations that increasing shock
absorber thickness reduced vibration amplitude by approximately 35%, while increased vehicle weight amplified vibrations by
20%, necessitating thicker shock absorbers for stability. Higher speeds above 80 km/h intensified unsteady vibrations on poorly
maintained roads. The study concludes that modifying shock absorber thickness and optimizing weight distribution can
effectively minimize automobile vibrations.

Keywords
Vibration Damping, Shock Absorber, Automotive Weights, Shock Absorber Thickness

1. Introduction

Automobile designers and engineers have over the years resulting from road surface irregularities. Elimination of these
improved the design of shock absorbers so as to improve au-  vibrations is essential in order to improve both the comfort and
tomobile performance. The main causes of unsteady vibration the safety of the passenger. When the vehicle is driving across
affecting the users of automobile are kinematic disturbances a road with large irregularities (obstacles), its wheels might
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get separated from surface of the road, within turn decrease
the efficiency of force transmission of the drive, braking and
steering system of the car. an improve driving dynamic and
better road traction on curves and bumps can be achieved by
using the so-called ‘hard suspension’. However, the cost is the
reduction of the passengers. The criteria for assessing the
quality of shock absorbers should therefore include both the
minimization of car body vibration and appropriate wheel
road adhesion [4]. Dampers use in the suspension system can
be passive, semi-active or active. Dynamical properties of the
dampers are usually defined by models with hysteresis char-
acteristics, such as Bingham [14] or Spenscer model [13]. Re-
quirements set for the comfort and safety of driving can be
fulfilled by using semi-active suspension systems, introduced
by [12]. In comparison to passive ones, the semi-active sys-
tems allow the damping force to be adjusted depending on
driving conditions. Additionally, they require less power than
similar active systems. Several methods of control have been
used, as presented by [9] and [1] as well as [3], when analyz-
ing on-off control, assume that the damping force should be
high if the product of relative and absolute velocity is more
than zero. Analyzed the relation between parameters of the car
suspension system and the driving comfort as well as the
safety indexes [7]. They defined the comfort index as the ef-
fective acceleration value while the safety index as the effec-
tive ratio of the dynamic and static response. In the study by
[10], the results were presented for the theoretical and experi-
mental half-car model, in which the car suspension was con-
trolled by two separate magneto-rheological dampers (MR
damper). Some interesting options for control of a semi-active
car suspension were presented by [5]. The most common
model analyzed was the quarter-car one. In the study-state
case, the response to the harmonic excitation was analyzed,
while in the transient one [5], the response to the unit step. To
ensure a compromise between the requirements for both com-
fort and safety, hybrid control with a MR damper is used [2]
and a combination of sky-hook and ground-hook control. The
objective of the paper is to developed a model that will pro-
vide information to engineers and designers for making deci-
sions associated with damping and shock absorbers so as to
increase comfort ability and durability of vehicles) and pro-
vide information to researchers for making decision associ-
ated with damping.

Developed a variable shock absorber model by varying the
spring constant achieved by using helical spring with variable
pitch in coils and varying coil diameter and a variable damper
[6]. The governing equations were solved and analysis of var-
ious parameters such as damping coefficient, spring constant
and damper fluid temperature were considered and there effect
on damping. They revealed that if the damper fluid density
reduces, the vehicles damper fluid temperature increases. The
fluid density increases with time as the vehicle moves and as
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the damper mass reduces, damping increases. Damper vibra-
tion is low and as time increases damping also increases. [3]
analyzed a half-car model with linear and nonlinear semi-ac-
tive dampers performance. Using PYTHON software, a re-
sponse of the system to a harmonic excitation of variable fre-
quency and to impulse excitation was found.

2. Mathematical Model

2.1. Vibration Governing Equation

The transverse vibration of damper shock absorber u(x, t)
could be described by the following equation which is non di-
mensional in the spatial variable [11].

The system has inhomogeneous boundary conditions repre-
sented by u(x,t) = 0. The equation of motion for the trans-
verse shock absorber vibration was given by [8]:

a*u
+ 6_}’4) =f

d*u
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Where u(x,y,t), is the shock absorber displacement in the
transverse direction, py, is the density of the shock absorber

Epth
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material, t, is the shock absorber thickness, D =

where E,, is the Young’s modulus of plate material and meas-
uring stiffness of an elasticity material, t; is the plate thick-
ness,vg is the poison’s ratio of plate material and measures the
deformation in the material in the direction perpendicular to
the applied force and f is an external distributed load on the
shock absorber (automotive weights).

2.2. Modification of the Model

Equation (1) was modified to allow the variation of weight
and damper thickness for the purpose of analysis of optimal
values to improve the efficiency of the shock absorbers, the
equation was modified by introducing velocity; (v); Where
(v) denotes velocity of the damper, hence the modified equa-
tion becomes;
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2.3. Discretization of the Scheme

Equation (2) would be discretized using the forward differ-
ence in time (FD), for the (DS) the value U, Uyyyy, Uxxyy and
Uy are replaced by forward difference approximation to
obtain the following finite difference equation.
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2.4. Using Crank-Nicolson Method in Discretization
Substituting these approximations into crank-Nicolson scheme;
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Re-arranging equation (4) as;
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2.5. Forming the Matrix Equation
Rearrange the terms to express u™*? in terms of known values from u™ and u™~1. This results in a linear system:

Aut =But+ Cu™ '+ F ®)

Where A, B, C are matrices formed from the discretized terms.
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by taking i to represent shock absorber transverse vibration Initial conditions;
along y axis, j to represent thickness of the shock absorber. For the initial displacement;
Taking i=1,2,3,4.....10,j=1,n=1,(Ax) = (Ay) =
0.02, (At) = 0.0001, and @ = 0.0625 u(x,y,0) = Asin(rwL) sin(wL) when t =0 (11)
pp = 7000kg /m>
D = 80kg/m? Initial velocity;
We would now apply the following set of boundary condi- ou
tions and initial conditions; > (x,v,0) = Bsin(xL) sin(rL) (12)

Boundary conditions
These conditions ensures that the initial displacements and

u(w,y,t),x=0andx =1L velocity are spatially dependent on x and y in a sinusoidal
u(x,y,t),y=0andy =1L (10)  pattern.
t=0
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2.6. Jacobian Iterative Method

The Jacobian method is typically used to solve systems of
linear equations of the form Au = B, where A is a matrix, u
is the unknown vector, and B is the right-hand side vector.
The basic idea of the method was to isolate the diagonal part
of the matrix A and use it to update the solution iteratively.

Given the penta-diagonal nature of the matrix A in our sys-

tem (uf'f " = Au™ + Bu""! + F), we need to solve for u]'}!

Lj
iteratively starting from an initial guess and refining the solu-

tion at each iteration.

2.7. Setting the Iteration Scheme

Using the Jacobian method, we can now write the iterative
update rule for u™*!. At each iteration n + 1, we update the
solution as follows:

ul = (=(A+Bu™+Cu™ 1+ F) (13)

3. Results

This formula updates the vector u™*based on the previous
iteration, the current state u™ and the previous time step u™1.
In component form, this becomes:

n+1l _

n-1
L= Ciju

19 e +Fi)

(14)
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The diagonal element of B at point i, and the summation
over j# i represents the contributions from the off-diagonal
elements.

2.8. The Process of Iteration

1) Initialization: Start with an initial guess u"*?

2) Iteration: At each iteration n + 1, update the solution
using the Jacobian iteration formula giving equation (13).

3) Convergence Check: Continue with the iterations until
the solution converges, i.e., the difference between suc-
cessive iterations ||ufit) — u(y|| is below a given toler-
ance.

3.1 Effect of Automobile Weight on Vibration Amplitude When Speed and Thickness Are Constant

Effect of Weight on Vibration (Thickness = 4 cm, Speed = 60 km/h)
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Figure 1. Vibration Amplitude vs. Automobile Weight.

This plot emphasizes the importance of matching vehicle
weight with suspension characteristics, as under- or over-
weighting can significantly impact ride quality. The critical
peak near 1600 kg should be carefully considered in suspen-
sion system design to avoid excessive vibrations that could
compromise comfort or safety.
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3.2. Effect of Weight and Thickness on
Vibration Amplitude

The surface plot confirms that optimal vibration reduction
occurs when both vehicle weight and shock absorber thickness
are appropriately balanced, and that overdesign (excessive
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thickness for light vehicles) may result in diminishing returns.
These findings support the need for customized suspension
tuning based on vehicle class and load.

Surface: Weight & Thickness vs Vibration
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Figure 2. 3D Surface Plot of Vibration Amplitude vs. Weight and

Thickness.

3.3. Effect of Speed and Weight on Vibration
When the Shock Absorber Thickness Is
Kept Constant

As display below, vibration amplitude varies non-linearly
with speed and weight. At moderate speeds (around 80—100
km/h) and medium weights (~1600 kg), vibration peaks near
0.9, indicating maximum vibration. In contrast, at lower
speeds (20—50 km/h) or very high speeds (>110 km/h), the vi-
bration amplitude drops to below 0.2 or even -0.8, especially
for lighter vehicles (1000—-1300 kg). This suggests that inter-
mediate speed and weight combinations can amplify vibra-
tions, while extreme values tend to dampen them.

Effect of Speed & Weight on Vibration (Thickness Constant)
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ion Amplitude

0.25
£ 0.00
-0.25
—-0.50
-0.75

Figure 3. Vibration Amplitude vs. Speed and Weight.
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4. Discussion

4.1. Effect of Automobile Weight on Vibration
Amplitude

The figure 1 Illustrates the variation in vibration amplitude
as a function of automobile weight, with the shock absorber
thickness held constant at 4 cm and the speed fixed at 60 km/h.
The weight range analyzed spans from 1000 kg to 2000 kg.
The plot reveals a clear non-linear relationship between
weight and vibration amplitude. As the weight increases from
1000 kg to 1600 kg, the vibration amplitude rises sharply. The
amplitude reaches its maximum value of 0.92 units at 1600 kg,
indicating a potential resonance point where the system's nat-
ural frequency aligns with the external excitation frequency,
resulting in maximum oscillation.

Beyond this point, however, the trend reverses: further in-
creases in weight lead to a progressive decline in vibration
amplitude, dropping to below 0 (approximately -0.1 units) at
2000 kg. This suggests that heavier vehicles, beyond a certain
threshold, begin to dampen vibrations more effectively, likely
due to increased inertial resistance and energy absorption by
the suspension system. Notably, vibration amplitudes at
weights below 1200 kg remain relatively low (below 0.2 units),
indicating that very light vehicles may naturally experience
reduced vibrations but could still be susceptible to instability
under certain dynamic conditions.

4.2. Effect of Weight and Thickness on
Vibration Amplitude

The figure 2 presents a 3D surface plot illustrating the rela-
tionship between automobile weight (ranging from 1000 kg to
2000 kg), shock absorber thickness (ranging from approxi-
mately 2 cm to 8 cm), and the resulting vibration amplitude.
This was performed while maintaining a constant vehicle
speed of 60 km/h. The surface reveals a non-linear interaction
between the two independent parameters. Initially, as both
weight and thickness increase, the vibration amplitude also in-
creases, reaching a peak of approximately 0.62 units when the
weight is around 1500 kg and the shock absorber thickness is
close to 5 cm. This region may represent a point of mechanical
resonance, where the system becomes more sensitive to oscil-
latory inputs from the road.

Beyond this point, however, further increases in either
weight or shock absorber thickness result in a decrease in vi-
bration amplitude. For example, at 2000 kg with a shock ab-
sorber thickness of 8 cm, the vibration amplitude drops to be-
low 0.1 units, indicating improved damping performance.
This suggests that heavier vehicles paired with thicker absorb-
ers are better able to dissipate vibrational energy, likely due to
increased inertia and enhanced energy absorption by the sus-
pension system. Interestingly, at lower weights (e.g., 1000 kg),
increasing the thickness from 2 cm to 8 cm yields minimal
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improvement in vibration suppression, as the amplitude re-
mains below 0.2 units throughout. This suggests that lighter
vehicles may not benefit significantly from thicker absorbers
in terms of vibration control.

5. Conclusion

Lighter vehicles should prioritize moderate shock absorber
thickness, as thicker shock absorbers show minimal benefit. For
medium-to-heavy-duty vehicles use, use shock absorbers with
thickness between (6-8 cm) to enhance damping, especially
those that transport varying loads, shock absorbers with varia-
ble damping capabilities should be developed to adjust dynam-
ically to changes in load and distribution. This could involve
using adaptive or semi-active suspension systems that automat-
ically adjust based on real-time weight and road conditions.

Manufacturers should incorporate this into vehicle designs,
especially for off-road or rural vehicles, by providing shock
absorbers with higher damping coefficients and greater dura-
bility to withstand continuous exposure to road irregularities.
Government and regulatory body should encourage drivers on
rough roads, avoid sustained driving at 80-100 km/h for me-
dium-weight vehicles, as this range maximizes vibrations.
Speeds between 40-60 km/h minimizes both vibration ampli-
tude and prediction error.

Abbreviations
CDS Central Difference Scheme
VD Vibration Damping
SA Shock Absorbers

AW Automotive Weights
SAT Shock Absorber Thickness

MRD Magneto-rheological Damper
BC Boundary Conditions
IC Initial Condition
D Flexural Rigidy or Bending Stiffness of the
Shock Absorber Material
Appendix

Appendix I: Simulation Parameters
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Table 1. Simulated parameters.

Parameter Range / Value
Automobile Weight (kg) 1000 — 2000
Shock Absorber Thickness (cm) 2-8

Vehicle Speed (km/h) 20-120

Vibration Amplitude Units

Arbitrary (normalized)

Notes

Key variable in all simulations
Constant at 4 cm in some tests
Constant at 60 km/h in some tests

Used for comparative analysis
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Appendix II: Figures and Graphical Representations

1) Figure 1: Vibration Amplitude vs. Automobile Weight

2) Figure 2: 3D Surface Plot of Vibration Amplitude vs. Weight and Thickness

3) Figure 3: Vibration Amplitude vs. Speed and Weight
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