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ABSTRACT 

Parabolic leaf spring plays a vital role in the suspension 
systems, since it has an effect on ride comfort and 
vehicle dynamics. Primarily, leaf spring endurance must 
be ensured. Presently, there are two approaches to 
design a leaf spring. 

 In traditional method, fatigue tests should be repeated 
for each case considering different material, geometry 
and suspension hard points. However, it takes a long 
time and requires heavy budget to get the optimized 
solution.  

 In the recent method, numerical approach is used to 
obtain the fatigue life and the leaf geometry against the 
environmental condition on the base of material 
properties.  

This paper presents a more precise method based on 
non-linear finite element solutions by evaluating the 
effects of the production parameters, the geometrical 
tolerances and the variations in the characteristics of the 
material. In other words, it is a hybrid method, between 
the traditional and the recent ones, which correlates the 
real life conditions and the results of computer aided 
engineering. The leaf springs in different characteristics 
have been produced and tested in the plant of 
OlgunCelik plant. 

The design methodology of this paper brings also a 
practical approach to the professionals in the industry. It 
aims to create a design tool with 2D FEA which is well 
correlated with 3D.The correlation of 3D and simple 2D 
methods with experiments are validated through a 
design of experiment (DOE) study. 

INTRODUCTION 

Parabolic leaf springs are the components of the 
suspension system. They perform isolation task in 
transferring vibration due to road conditions to body. 
There are various versions of the parabolic leaf springs 
such as parabolic, multi-parabolic and z-leaf spring. 
Development of a leaf spring is a long process which 
requires lots of test to validate the design and 
manufacturing variables.  

We have used CAE to shorten this development cycle by 
implying CAE as much as possible to reduce the tests. A 
systematic procedure is obtained where CAE and tests 
are used together. 

LEAF SPRING HYBRID DESIGN 

METHODOLOGY 

Every design method having CAE in the process must 
be based on validated virtual models. We have validated 
our finite element analysis models by experimental 
studies. These studies were carried out by the controlled 
manufacturing processes, measured manufacturing 
variables and comparison of the test results and virtual 
model using real variables.  

Primary output obtained from both test or finite element 
analysis of leaf springs are spring rate (force, 
displacement) and fatigue strength. In order to 
understand the parameters affecting fatigue strength of 
the leaf spring we have carried out a series of 
experiments in varying conditions. We have determined 
26 parameters affecting fatigue results (Table1) 
depending on our experience and leaf spring boundary 



 

 

diagram (Table 2). Some of the parameters are major 
and other are minor.     

Design process starts with conceptual phase w
general dimensions and shape of the leaf spring are 
determined. Conceptual phase decisions are based on 
experience and in-house software. Then a finite element 
model with nominal parameters is created. Design is 
optimized initially with nominal parameters. 
to reach required force-displacement curve, hence 
spring rate and stress level which is one of the important 
factors defining the fatigue strength. Then
factors affecting fatigue are selected from the list given 
in Table 1 depending on project type, known
tolerances, supplier data etc. The effect of these 
variables are studied in CAE by means of 3D and 2D 
models. This step is known as Design of Experiment 
(DOE). As a result of this DOE study, not only the CAD 
models but also decisions that are taken 
given in Table 1 are optimized. Prototypes are
after having been produced. 

Figure 1. Hybrid Design Process
 

 

REFERENCE STUDY 

In our reference study we have worked on leaf spring 
shown in Figure 2. It is a parabolic leaf spring
layers .The goal is to reach load-deflection diagram 
given in Figure 6 with required fatigue life. Initial design 
concept is created using in-house tools and experience. 
Then a detailed finite element model is created 
nominal values. 
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Figure 2. Reference Study Leaf Spring.

 

The material used for leaf spring is 51CrMov
elastic modulus E=210GPa, poison’s ratio 0.3 is used in
analysis. 
 
The figure 3 represents S_N curve of 
figure 4 represents 3D model hex. 
used for fatigue analysis

 

     Figure 3. S-N 

Finite element model of the leaf spring has the following 
properties. 

Table 3.  Finite Element Model Properties

Number of Elements

Element Type 

MPC Type 

Global Element Size

Number of Nodes 

Friction Constant 

 

 

Reference Study Leaf Spring. 

used for leaf spring is 51CrMov4 and 
E=210GPa, poison’s ratio 0.3 is used in 

The figure 3 represents S_N curve of 51CrMov4  and 
figure 4 represents 3D model hex. mesh which is to be 

analysis 

 

N Curve of 51CrMov4 

Finite element model of the leaf spring has the following 

Finite Element Model Properties 

Number of Elements 80,216 

Hexagonal 8 

4 RBE2 

Global Element Size 5 mm 

 67.517 

 0.05 



 

 

                Figure 4. 3D Model Hexagonal 

The front eye of the leaf spring was fixed
translation and x and z rotation, allowing free
The rear eye was constrained in y and z translation and 
x and z rotation, allowing free x extension and y rotation
Axle load is applied in vertical direction. Materials of 
leaf spring components are defined properly including 
the rubber pads.  

Load is gradually increased from 0 to maximum load 
which describes the fully loaded vehicle condition. 
Design load Fv is less then maximum load and 
describes normal loaded vehicle condition

Figure 5. Leaf Spring Chassis 

Figure 6. Theoretical Leaf Spring Load
Deflection Diagram. 

The shape of the parabolic leaf spring changes
during the load application. This requires large 
displacement analysis option for finite solver. Moreover, 

 

exagonal Mesh 

of the leaf spring was fixed in x, y and z 
translation and x and z rotation, allowing free y rotation. 

rear eye was constrained in y and z translation and 
extension and y rotation. 

cal direction. Materials of the 
are defined properly including 

gradually increased from 0 to maximum load 
which describes the fully loaded vehicle condition. 
Design load Fv is less then maximum load and 
describes normal loaded vehicle condition in Figure 6. 
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Leaf Spring Load-

The shape of the parabolic leaf spring changes a lot 
This requires large 

displacement analysis option for finite solver. Moreover, 

after certain deformation, two layers touch to e
hence require contact options. As
requirements, nonlinear finite element solution is 
necessary.  

Von- Misses stress of main leaf is shown
under the maximum load. Stress distr
main leaf spring is given in Figure 
figure 9.As it can be well 
quite homogenous along the leaf spring. This is an 
indication of optimized leaf spring design. The thickness 
of the leaf spring is designed so tha
uniformly along the length. 

Displacement of the leaf spring is very important as it is 
directly related to spring rate. The displacement 
distribution is given in Figure 
displacement along the length at different load 
conditions. It is confirmed that design with nominal 
dimensions and physical parameters are satisfying the 
goals.    
 

Figure 7. Leaf 1 Von - Misses
Under Maximum Load.

Figure 8. Leaf 1 Stress 
Leaf 

after certain deformation, two layers touch to each other 
hence require contact options. As a result of this 

nonlinear finite element solution is 

of main leaf is shown in Figure 7 
under the maximum load. Stress distribution along the 

leaf spring is given in Figure 8 and helper leaf in 
well seen that stress level is kept 

quite homogenous along the leaf spring. This is an 
indication of optimized leaf spring design. The thickness 
of the leaf spring is designed so that stress is distributed 
uniformly along the length.  

Displacement of the leaf spring is very important as it is 
directly related to spring rate. The displacement 
distribution is given in Figure 10. Figure 11 shows 
displacement along the length at different load 
conditions. It is confirmed that design with nominal 

nsions and physical parameters are satisfying the 

 

Misses Stress Distribution 
oad. 

 

Stress Distribution Along The Main 
eaf Spring  



 

 

Figure 9. Helper Leaf (Leaf 2 ) Stress D
Along The Leaf Spring  

Figure 10. Displacement Distributions
Maximum Load. 

Figure 11. Vertical Displacement Along 
Under Different Load Conditions

Vertical Rig Fatigue Tests 

Prototypes are produced with controlled variation in 
parameters that can simulate the real manufacturing 
variability. The fatigue test of leaf springs are made by 
block cycle loading of 100,000 cycles. All of the 
prototypes passed the required fatigue test. Tests are 
continued until failures are occurred.  
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long The Length 
onditions 

rototypes are produced with controlled variation in 
parameters that can simulate the real manufacturing 
variability. The fatigue test of leaf springs are made by 

All of the 
prototypes passed the required fatigue test. Tests are 

Vertical rig test machine on which test and strain gauge 
measurements are made is shown in Figure 

Figure 12. Vertical Test 

Worst life is found to be 125,000cycles which is %25 
higher than required life. This result is very close to 
results of the numerical studies

Table 4. Rig Test Cycle

 In addition to this study in the rig test process 
displacement amount and stress 
performed by main layer in F
have been measured by binding strain gauges on the 
main layer of parabolic leaf spring and the physical 
results revealed that %1
stress distribution of parabolic leaf spring main layers for 
which finite elements analyze has been made

Table 5. Strain Gauge Measurement Result

ROAD LOAD DATA

In order to validate the design finally on real life usage, 
road load data are taken from an instrumented
leaf spring. Strain gages are bonded on several 
locations and vertical displacement is also measured. 
Vehicle is used in fully loaded condition on bad roads. 
Stress levels of 1243Mpa and maximum displacement of 

Vertical rig test machine on which test and strain gauge 
measurements are made is shown in Figure 12 

 

est Machine 

found to be 125,000cycles which is %25 
higher than required life. This result is very close to 

ults of the numerical studies as shown Table 4. 

Rig Test Cycle 

 

In addition to this study in the rig test process 
displacement amount and stress levels that have been 
performed by main layer in F design and F max loads 
have been measured by binding strain gauges on the 
main layer of parabolic leaf spring and the physical 

1 deflection appeared among the 
parabolic leaf spring main layers for 

which finite elements analyze has been made (Table 5). 

Strain Gauge Measurement Result 

 

ROAD LOAD DATA 

In order to validate the design finally on real life usage, 
road load data are taken from an instrumented prototype 
leaf spring. Strain gages are bonded on several 
locations and vertical displacement is also measured. 
Vehicle is used in fully loaded condition on bad roads. 

Mpa and maximum displacement of 



 

 

194 mm are measured. Experimentally acquired stress 
and displacement values are in very good correlation 
with finite element studies.  

Figure 13. Instrumented Leaf Spring 
Load Data Collection. 

Design of Experiment (DOE) Study on 
Finite Element Models 

After having nominally optimized design solution, other 
factors affecting fatigue life are optimized
and the limits of some of the important factors
Table 1 are defined. 

DOE gives the effect of variation in parameters on stre
level hence fatigue life. We can see if the leaf spring will 
still satisfy fatigue life requirements even in case of worst 
combination of variation of parameters. It also gives the 
ratio of which parameters affect the fatigue life most.

In the examination of production, material and design 
tolerances (Table 1) three-dimensional cad data of leaf 
spring which is analyzed in nominal values is modeled 
again in maximum and minimum geometry tolerances.  

In the same boundary conditions finite elements analyze 
study in different parameter tolerance variations is kept 
on.  

By a predictive approach, 2D finite element model in 
some parameters is used in order to reach results faster 
despite some parameters need an analyze study by way 
of detailed 3D model. (  Figure 14 and Figure 1

Figure 14 2D Hex Mesh

mm are measured. Experimentally acquired stress 
and displacement values are in very good correlation 
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Design of Experiment (DOE) Study on 

zed design solution, other 
factors affecting fatigue life are optimized. The variation 
and the limits of some of the important factors given in 

DOE gives the effect of variation in parameters on stress 
level hence fatigue life. We can see if the leaf spring will 
still satisfy fatigue life requirements even in case of worst 
combination of variation of parameters. It also gives the 

io of which parameters affect the fatigue life most. 

on of production, material and design 
dimensional cad data of leaf 

spring which is analyzed in nominal values is modeled 
again in maximum and minimum geometry tolerances.   

In the same boundary conditions finite elements analyze 
study in different parameter tolerance variations is kept 

By a predictive approach, 2D finite element model in 
some parameters is used in order to reach results faster 
despite some parameters need an analyze study by way 

and Figure 15 ).   

 
2D Hex Mesh 

Figure 15. 2D Von Misses Results

For the highest stress distribution brought about in leaf 
spring for which finite elements analyze is performed in 
max & min geometrical tolerances and different 
parameter variations prototype samples are produced by 
changing tolerance values of production and material 
parameters.  

 At the end of physical testing, it is determined that 
tolerance deflection of 4 parameters i
affect the fatigue value on leaf spring in the rate of 
the total of other parameters affect it in the rate of about
%15 (Figure 16). 

As a result, unnecessary limits on tolerances & design 
changes are eliminated. 

Figure 16. Parameter E
Spring Fatigue 

In addition to these parameters effects of 
changes on leaf spring within the rate tolerances 
new 10 new parameters (Table 1) by applying new 
geometry, material and production variables are 

 
2D Von Misses Results 

For the highest stress distribution brought about in leaf 
spring for which finite elements analyze is performed in 

min geometrical tolerances and different 
parameter variations prototype samples are produced by 
changing tolerance values of production and material 

At the end of physical testing, it is determined that 
tolerance deflection of 4 parameters in  parameters 
affect the fatigue value on leaf spring in the rate of %85, 
the total of other parameters affect it in the rate of about 

As a result, unnecessary limits on tolerances & design 
  

Effects On Parabolic Leaf 

In addition to these parameters effects of design 
within the rate tolerances for the 

new 10 new parameters (Table 1) by applying new 
geometry, material and production variables are 



 

 

determined by using design of experiment study 
methods.  

Data related to the alternative studies made by each 
variable of new 10 parameters will be presented in other 
paper. 

CONCLUSIONS 

This study is made as a reference in order to provide a 

robust design against process, material and geometric 

variables by using computer-aided engineering 

technologies on the base of the factors effecting 

parabolic leaf spring fatigue and other parameters. 

Correlation with computer-aided engineering has been 

provided in the light of data obtained from the physical 

test results made at OlgunCelik Laboratory and road 

data.     

It is aimed to reach capability  of manufacturing the right 

product that is more light by  less cost ( prototype, 

material, energy and engineering) at one sitting instead 

of ineffectual design and prototype costs that made by 

trial-and error method . 

At the end of study it is well understood that when 

tolerances changes in regard with noise factors defined 

in the design of two-layered parabolic leaf spring is 

examined effects of geometric tolerances providing rate 

value on the stress distributions brought about over leaf 

spring is not much effective and that  the changes 

brought about in process of heat treatment, sandblasting 

and quenching, material affect much stress distribution 

over leaf spring under load, accordingly, leaf spring 

fatigue.  
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APPENDIX : 

 

Table 1. Parameters affecting Fatigue life of Leaf Spring 

No Parameter Process 

1 Parabolic leaf spring section thickness effects on Fatigue Manufacturing 

2 Parabolic leaf spring  eye axis distance effects on Fatigue Design 

3 Parabolic leaf spring shackle position and geometry effects on Fatigue Design 

4 Parabolic leaf spring materials effects on Fatigue Material 

5 Parabolic leaf spring eye diameter effects on Fatigue Design 

6 Parabolic leaf spring free arc and free height effects on Fatigue Design 

7 Parabolic leaf spring  heat treatment effects on Fatigue Manufacturing 

8 Parabolic leaf spring  sand blasting parameters effects on Fatigue Manufacturing 

9 Parabolic leaf spring quenching Parameters effects on Fatigue Manufacturing 

10 Parabolic leaf spring rubber silencers geometry effects on Fatigue Design 

11 Parabolic leaf spring  clamping rivet holes effects on Fatigue Design 

12 Parabolic leaf spring  standard section form effects on Fatigue. Design 

13 Parabolic leaf spring centre tightening bolt effects on Fatigue Material 

14 Parabolic leaf spring clamping force effects on Fatigue Design 

15 Silencer Types and  different silencer model effects on Fatigue Design 

16 Bushing type effects on Fatigue Design 

17 Bush geometry effects on Fatigue Design 

18 Parabolic leaf spring  chassis assembly effects on Fatigue Design 

19 Parabolic leaf spring  sheet plate effects on Fatigue Material 

20 Parabolic leaf spring  centre flatness length effects on Fatigue Design 

21 Parabolic leaf spring  edge form effects on Fatigue Design 

22 Parabolic leaf spring  friction force between layers effects on Fatigue Material 

23 Parabolic leaf spring side edge cut geometry effects on Fatigue Design 

24 Parabolic leaf spring eye form effects on Fatigue Design 

25 Parabolic leaf spring eye wrapping form effects on Fatigue Design 

26 Parabolic leaf spring section width tolerances effects on Fatigue Design 

 

 

 

                 
 

 
 
   
 



 

 

Table 2 Leaf Spring Boundary Diagram 
 

 
 

       


