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ABSTRACT

This paper is based on a novel shape of asymmetric few-leaf spring, which is used in the traditional parabolic leaf
spring. By means of experiments and finite element method,we compared the stressdistribution and kinematic
characteristics of the leaf spring before and after the shape change. Analysis results show that under the conditions
of same stiffness and hard point layout, especially under braking conditions, kinematic characteristics of the
few-leaf spring can be optimized by changing its shape, and the stress distribution conforms to the stress design

principle of parabolic leaf spring.
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I. INTRODUCTION

Leaf spring is the important part in
suspension system, which is basically a laminated
structure that absorbs energy. Leaf springs are the
oldest form of suspension systems that are still being
used in commercial vehicles, military vehicles,
construction vehicles, etc. due to its simple structure,
good reliability, low cost and convenient
maintenance[1-3]. Leaf spring is a kind of elastic
component of automobile suspension, which is
installed between the frame and wheel, passing all the
torque and force between the wheel and the frame,
easing the impact of the road surface to the body and
ensuring the riding comfort. At the same time, the leaf
spring is also a guiding mechanism, which simplifies
the suspension structure of the vehicles.

Due to the gradual reduction of fossil fuels
and the need for ecological protection, fuel economy
has become an important indicator of the vehicle, and
the weight of the vehicle becomes an important factor.
Therefore, the taper leaf spring was born. In the past,
the main form of spring is multiple-leaf spring[4-6],
and the stiffness of the leaf spring is increased by
adding more leaves with the same thickness.
Multiple-leaf spring possesses simple structure, easy
manufacturing process and low cost, but it is heavy in
weight. Along with the development of lightweight,
taper leaf spring gradually rise[7-8], its structure
characteristics is thicker in the middle and thinner at
both ends, generally separated by anti-friction pads to
each leaf. The function of multiple-leaf spring is
realized by means of fewer taper leaf springs, so it is
called few-leaf spring[9], and is used for the front
suspension system. The few-leaf spring generally
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shows parabolic or trapezoidal section[10-12], due to
theirunique cross section, the stress distribution of the
leaf spring is more uniform after stress, and prolongs
the service life. The taper leaf spring has been used in
vehicles in developed countries such as Europe and
America. In the mid-1950s, Rockwell in America had
begun to develop the taper leaf spring, and by the
1960s it had begun to put on display. At the same time,
General Motors Corporation began to study the use of
taper leaf in the Chevrolet D sedan. By the end of the
1970s, the use ratio of taper leaf spring in the three
major U.S. auto companies had reached 60%. In the
early 1960s, British steel company also began to study
the application technology of the few-leaf spring, and
the proportion of usage the taper leaf spring was
increasing year by year. In the mid-1960s, Japan also
applied a taper leaf spring technology to the vehicles,
and then began to create a factory to produce the taper
leaf spring. Since then, the taper leaf spring has been
widely used in Japan. Nowadays in these developed
countries, the taper leaf spring has replaced the
application of traditional multiple-leaf spring in the
vehicles.

Nowadays, due to the rapid development of
computer technology, CAE method-computer aided
engineering analysis, is widely used in the analysis of
leaf spring[13-16]. Due to the high efficiency of
computer operation, CAE method can be integrated
use of finite element method, difference method and
boundary element method in computer. CAE
technology can be applied for simple modeling and
nonlinear analysis of leaf spring according to the
actual working condition, and a series of data such as
stress, strain and contact force can be obtained,
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therefore, it’s the most widely used and the most
advanced technology currently.

Design research for leaf spring is mainly
include two aspects: reliability and
performance[17-18], and focus on the stiffness, stress
and interleaf friction, material and process[19-22],
while less attention focus onthe shape of leaf spring.
Currently the most manufacturers still adopts
parabolic few-leaf spring, but there are a few
manufacturers try to adopt the new structure of leaf
spring. The change of the shape of the leaf spring is
very likely to improve the performance of the
suspension system, however, these performance data
have not been studied in-depth and reported. In this
paper, inspired by a special asymmetric leaf spring
structure, the stress distribution and kinematics
characteristics of a special structure leaf spring are
studied. By means of finite element simulation
method, the finite element calculation results are
checked with test results. Based on the correct and
reliable finite element model, we simulated the
vertical loading and braking condition of the leaf
springs, and the shape is changed without changing
the initial position of leaf eye and the central holes. By
contrast analysis, the shape of leaf spring show the
positive influence on the stress, stress distribution and
kinematic characteristics, which provides a new way
for the design of leaf spring.

I1. BENCH TEST OF LEAF SPRING
1.1 Test subjects and test conditions.

The leaf springs for test can be divided into
two different springs, one is symmetrical parabolic
spring (M spring), and the other is asymmetric special
shaped spring (V spring). In the subsequent
comparison with finite element method, M spring is
the main object for contrast, and V spring is
theauxiliary contrast object.

The test status is shown in Figure 1, and the
stress test of leaf spring with different static load is
carried out on the MTS linear actuator. The front and
rear of the spring eye are fixed by dowel with bracket,
the front bracket is fixed, and the rear bracket can
move harizontally. The arrangement of strain gage is
shown in Figure 2, and 20 strain gage are arranged
symmetrically around the M spring, and 12 strain
gage are arranged in the first part of the V spring.

Figure 1 The test status
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There aretwo kinds of loading conditions for
the test, the first is static test, with ladder loading from
0 to 2 tons, 3.5 tons, 4.5 tons, and recording the strain
of leaf spring. Then apply dynamic loading at the
frequency of 2 Hz and 4 Hz respectively by MTS
linear actuator sine wave signal and record the strain
of the leaf spring, the frequency of each actuator
displacement amplitude were 0.5 mm, 1.5 mmand 2.5
mm, 5 mm, 10 mm.

Figure 2 The arrangement of strain gage
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1.2 Bench test results

According to the results of stress measurement
(Figure 3) under different loading at static loading
conditions, the stress of each measuring point of M
spring is linear with the load.

Figure 3 The relationship between load and stress of
M spring
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It can be seen from the statistical results of

maximum stress in dynamic loading condition (Figure
4 and Figure 5) that the stress and amplitude of each
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measuring point of M spring are in linear relationship.
For M spring and V spring, the stress is linearly
dependent with the load, and the stress is linear with
the amplitude.

The stress distribution for M spring can be
seen in Figure 6, and V spring shown in Figure 7. The
strain gage cannot be arranged in the center position
of the leaf spring, so the stress value cannot be
collected. Therefore, the stress of the center values as
0 MPa according to the ideal state. By comparing
Figure 5 and 6, the stress distribution is different due
to different leaf shapes.

Figure 4 The relationship between amplitude and
stress of M spring (2Hz)
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Figure 5 The relationship between amplitude and
stress of M spring (4Hz)
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Figure 6 Stress distribution of M leaf spring
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Figure 7 Stress distribution of V leaf spring

WWW.ijera.com

DOI: 10.9790/9622-0806031321

Moves drardmntos o \ bl aproeg

MP

Lo

1. THE ESTABLISHMENT AND
VERIFICATION OF FINITE ELEMENT
MODEL FOR LEAF SPRING

In this paper, two sets of the finite element
model is set up, the first is in conformity with the
loading conditions of test bench, for contrast
verification the models. The second is the finite
element model in line with the vehicle driving
condition based on the correct finite element
modeling method, which is used for analyzing the
influence of leaf shape on stress, stress distribution
and kinematic characteristics of leaf spring. In order
to verify the shape effect, other interference factors
are minimized, and the finite element model is
established with a model of single leaf spring.
2.1 The establishment of contrast model with test
bench

Leaf spring geometric model is established
by reverse method form actual spring. Two kinds of
leaf spring model is set up : the symmetric parabolic
single leaf spring model (M spring) and asymmetric
special shaped few-leaf spring model (V spring), the
finite element model as shown in Figure 8. On the
boundary condition, the front spring eye can be
rotated around the y axis, and rear spring eye can be
rotated around the y axis and can move along the X
direction, which is consistent with the bench test
model. The basic parameters of the finite element
model are shown in Table 1.

Figure 8Finite element model used to compare with

the result of the test
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The cause of the inconsistent of 2 t loading on V
spring with 4.5 t loading on the bench test is due to the
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difference of test object. V spring in test bench is two
piece, while the simulation object is a single leaf
spring, so the stiffness are twice as large. It is verified
by the test bench test, the stress of the same leaf spring
is linearly dependent on the load and amplitude, so the
stress under different loads is different but the
distribution trend is almost the same. Therefore, the
test results of V spring and bench test can be used to
analyze the correctness of the model.
Table 1 basic parameters of finite element model.

Symmetric Asymmetric
parabola few-leaf spring
shape single model
leaf spring
Young's 2.x10° N/mm®  2.x10° N/mm?®
modulus
Poisson 0.3 0.3
ratio
yield 1300MPa 1300MPa
strength
load 4.5t 2t

2.2 Finite element model validation

Since the M spring is a single spring, in this
paper, the M spring is the main contrast object and V
spring is the auxiliary contrast object. The results of
stress distribution on M spring is compared with the
test results and shown in Figure 9, blue curve show the
M spring tensile stress distribution along the spring
length direction which calculated from simulation,
and the red curve show the M spring stress
distribution form the test. The two curves fit well, the
distribution trend is the same, and the finite element
simulation value is slightly smaller than the
experimental value. Besides, combine the simulation
results and the experimental results of V spring for
auxiliary comparison which shown in Figure 10, and
the stress trend in the box area is almost the same.
Therefore, the finite element method used in this
paper has reference value.

Figure 9 Finite element results compared with the
simulation results (M spring)
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Figure 10 Finite element results compared with the
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simulation results (V spring)
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IV. THE ESTABLISHMENT OF FINITE
ELEMENT MODEL FOR LEAF
SPRING ANALYSIS

The finite element model is verified and
proved that it is feasible to analyze stress distribution
based on finite element method. The finite element
model established in the paper is in accordance with
the model of the bench test condition, which is
different from the actual suspension system model,
and the main difference is the boundary condition of
the rear spring eye. On vehicle, rear spring eye of the
leaf spring connect with the back pedestal through the
rings, and the actual trajectory is circular arc with the
radius of the distance between the two holes on the
rings. By adding the rings to the above finite element
model, the real vehicle condition can be satisfied.
3.1 The modeling principles for three-dimensional
model of leaf shape analysis

By changing the leaf shape, we contrastive
analysis the influence of shape on leaf spring stress
and kinematic characteristics, at the same time to
ensure that the finite element model of leaf spring has
the same stiffness, high arc height, fixed position of
the front spring eye and the rear spring eye. The
method used in this paper is based on the same leaf
spring, and only the shape of first half segment
changed, at the same time, the stiffness can be
guaranteed consistency by vertical loading detection.
The principles of model for different leaf shape are
shown in Figure 11, and the green is the 3D model of
V spring, and the red is the model for the leaf shape
analysis of the asymmetrical parabolic few-leaf spring
(VP spring). In this paper, we establish two sets of
comparison models, one is V spring and the VP spring,
and another group is based on the symmetric parabolic
few-leaf spring (P spring) and the special shaped
few-leaf spring with adjustment of the first half (PT
spring). The leaf shape of P spring and PT spring is
shown in Figure 12.

Figure 11The contrast model for V spring before and
after leaf shape changed
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B Special shaped stracture(V Spring)
B Parabolic structare(VP Spring )

Figure 12 The contrast model for P spring and PT
spring

B Parabolic strocture(P Spring)
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3.2 The establishment of the simulation model for
working condition of real vehicle

In chapters 2, the ring is added based on the
finite element model which verified through bench
test, making the boundary conditions of rear spring
eye in line with the working condition of real vehicle,
and the simulation models for V spring, VP spring, P
spring, and PT spring are set up as shown in Figure 13.
The boundary condition of the front spring eye is
constant, and the rear spring eye is connected with the
bottom of the ring with the hinge, and the boundary
condition of the upper end of the ring is the same as
the boundary condition of the front spring eye. In the
real vehicle, the leaf spring is clamped with front axle
with U-bolt, so rectangular structure is bounded below
the central flat section of leaf spring. Simulate the
tension between the leaf spring and the front axle, and
apply the wvertical load on the bottom of the
rectangular structure. Furthermore, the braking
condition is simulated, coupling the inner point of the
red circle with the rectangular structure, applying the
concentrated load at that point and applying torque to
the flat section of the leaf spring.

Figure 13The simulation model conforms to the real
vehicle condition
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V. ANALYSIS OF THE RESULTS OF
DIFFERENT LEAF SPRING
In this paper, by changing the leaf shape, the
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analysis model is established for difference shape
comparison. Two sets of simulation model for V
spring with the VP spring and P spring with PT spring
is built up by changing the leaf shape with the same
and constant leaf eye position, arc height, material
properties and stiffness. Meanwhile, the vertical
loading, braking mode is simulated for analysising the
influence of shape change on stress and kinematic
characteristics of the leaf spring.
4.1 Analysis of the influence
characteristics
4.1.1 Vertical loading condition

The simulation results of V spring and VP
spring are shown in Figure 14. The stress distribution
in the second half of V spring and VP is similar, and
the first half is different. The displacement of the
center position was measured and the results are
shown in Table 2, Z displacement for V spring is 122
mm, the VP spring is 115 mm, therefore their stiffness
is close to each other from Z displacement
measurement result. From the kinematics analysis,
assuming that the V spring with the VP spring have
the same parabolicshape, V spring shows slightly
larger Z displacement than the VP spring, and the X
displacement of the V spring center position should be
slightly larger than the VP spring as stretch of the
surface. While, due to the change of the structure, X
displacement of V spring is reduced 6 mm compared
with VP spring under vertical loading conditions, it
follows that this particular structure can effectively
reduce the center position movement of the leaf spring
in suspension system under the vertical loading.
Besides, when the single wheel beats, the front axle
swinging can be inhibited which show a positive
effect on kinematic characteristics of the suspension
system.

of kinematic

Figure 14The simulation results of V spring and VP
spring under vertical load
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Table 2 The displacement of the center position at
the vertical loading condition

Figure 16Thestiffness enhanced PT spring

q\-_/_p

Center X Z
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spring
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In order to verify the influence of the special
leaf shape on the kinematic characteristics of the
suspension system, the simulation results of P spring
and PT spring is in comparison as the supplementary
verification. P spring is a traditional symmetric
parabolic few-leaf spring, and PT is modified into a
special shape at the first half based on the P spring.
The simulation results of P spring and PT spring are
shown in Figure 15. Table 3 shows the displacement
values of center position on leaf spring, the Z
displacement of PT spring is slightly larger than the P
spring, and the stiffness is slightly smaller. For
example, P spring and PT spring have the same
parabolic structure, X displacement of PT spring
should be larger than P spring, but as the structures
changed, the X displacement of PT spring is 3 mm
shorter than P spring. If increase the stiffness value of
PT spring up to the same value as the P spring, the
above X displacement will be reduced more compared
to P spring. As shown in Figure 16, the model of
stiffness enhanced PT spring is established, the
simulation calculation results show that the Z
displacement is 120 mm, implying the enhancement
of stiffness. And the X displacement is 6 mm shorter
than P spring with vertical loading, proved that the
special structure can effectively improve kinematic
characteristics of suspension system under the vertical
loading, reduce the influence of suspension system on
steering system in the driving process, and therefore
improve the driving stability of vehicle.

Figure 15The simulation results of P spring and PT
spring under vertical load
Vertical load(F Spriag)

Direction »
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.
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B PT spring

B Stiffening model of PT spring

Table 3 The displacement of the center position of P
spring and PT spring at the vertical loading condition

center X .
position on | displacement(m m) m
leaf spring m)
P spring -36 124
PT spring -33 134
Stiffness
enhancedP -30 120
T spring

4.1.2 Braking condition.

The simulation results of V spring with VP
spring, P spring with PT spring under braking
conditions are shown in Figure 17, and the high stress
area under braking conditions is concentrated in the
second half of the leaf spring. In kinematic
characteristics, from the measurement results of
center position displacement (table 4), the X
displacement of V spring is -54 mm, VP spring is -66
mm, their X displacement difference is 6 mm under
vertical loading conditions. While under braking
conditions, the difference of X displacement increase
to 12 mm, implying the change of structure is more
obvious to the optimization of kinematic
characteristics at braking condition. Therefore,
compared with parabolic few-leaf spring, this special
leaf shape can effectively reduce the backward
movement of the suspension at braking condition.

Figure 17The simulation results of braking condition
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Table 4 The measurement results of center position
displacement of V spring and VP spring.

vertical

center vertical loading +

position loading braking

on leaf condition

spring X Z X Z

(mm) (mm) (mm) (mm)

v 43 122 54 160
spring

gVPSp”” 49 115 66 160

Table 5 The measurement results of center position
displacement of P spring and PT spring

vertical

center vertical loading +
position loading braking
on leaf condition
spring X A X VA
(mm)  (mm) (mm) (mm)

Pspring -36 124 -43 158
PT 33 134 37 163
spring
Stiffness
enhanced
PT
spring

-30 120 -34 152

The displacement measurement is verified
by P spring, PT spring which based on shape changed
P spring, and PT spring with stiffness enhanced (Table
5). PT spring with shape optimization has smaller X
displacement than P spring under the vertical loading
and braking condition although the P spring with the
lower stiffness value. Through enhancing the stiffness
of PT spring, the spring shows a smaller X
displacement, especially in the braking condition. The
results show that the special leaf shape can greatly
reduce the forward and backward movement, front
axle deflection and improve the vehicle steering
stability at driving, braking condition, Therefore, the
kinematic characteristics of wvehicle suspension
systems can be optimized through optimizing the slice
structure.

4.2 Stress analysis
4.2.1 Vertical loading condition.

The stress distribution of V spring and VP
spring are shown in Figure 18. The VP spring is the
parabolic spring with equivalent stress zones on both
ends, and V spring also has the obvious equivalent
stress zone at the first half, while the second half has
no obvious stress zone due to the special leaf shape.
The stress distribution increases rapidly from the
center of the leaf spring to the spring eye, and then
decreases gradually after reaching the maximum
stress point. The simulation results of P spring, PT
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spring and stiffness enhanced PT spring are shown in
Figure 19, the stress distribution is close at the second
half, and the P spring has the equivalent stress zones at
the first half, while PT and stiffness enhanced PT
spring both show no obvious stress zone. Therefore,
shape change has influence on the stress distribution;
the special structure is not obvious to stress
optimization under the vertical loading condition.

Figure 18 The stress distribution of V spring and VP

spring
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Figure 19 The stress distribution of P spring, PT
spring and stiffness enhanced PT spring
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4.2.2 Braking condition

The simulation results of V spring and VP
spring under braking condition are shown in Figure 20,
the stress is reduced in the first half of the leaf spring,
and the second half is obviously increased. As seen
from the simulation results of two springs during, the
stress distribution is almost the same at the second
half, and the main difference is at the first half. The
VP spring is a parabolic structure, and at the braking
condition the stress at the first half is increased from
the center to the spring eye, which reaches the peak
near the spring eye, while, the stress peak is in the
weak area with thin thickness of the leaf spring.
Combined the stress results of P spring with the shape
changed spring, as shown in Figure 21, P spring has
parabola structure, similar with the VP spring under
the braking condition, with the peak stress near the
spring eye, and the peak stress on PT spring and its
stiffness strengthened spring appears in the middle of
the first half. But overall stress is reduced in the first
half at braking condition, the special shape has

DOI: 10.9790/9622-0806031321
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obvious effects on stress distribution at the first half
under braking conditions, and its distribution is more
reasonable than traditional parabolic spring. But the
overall stress is reduced at first half at vertical loading
condition, so this structure change on the stress
distribution does have a positive impact; however, the
reliability improvement of leaf spring is not great.

Figure 20 The stress distribution of V spring and VP
spring
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Figure 21 The stress distribution of P spring, PT
spring and stiffness enhanced PT spring
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V1. CONCLUSIONS

This paper mainly studies the influence of
leaf shape on stress and kinematic characteristics. The
finite element model is established for leaf shape and
kinematic characteristics analysis, which proved
feasible by experiments. V spring and P spring with
two different design ideas is commonly applied to the
vehicle, V spring has asymmetrical special structure,
P spring has symmetrical parabolic structure. The
author inspired by the special structures, and changes
the structure of V spring and P spring, and analysis the
influence of leaf shape on stress distribution and
kinematic characteristics. The conclusions are as
follows:

(1) The change in structure show obvious
optimization on kinematic characteristics of
suspension system, and forward and backward
displacement can be effectively reduced through
shape adjustment, therefore the displacement of front
axle connected with the leaf spring and angle of front
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axle swing is reduced. So driving stability is improved
caused by rough road and optimize the kinematics
characteristic of the suspension system. In the braking
condition, due to the structure of the leaf spring, the
overall backward displacement of the suspension
system is greatly reduced, and the stability of the
suspension system structure is improved.

(2) Under vertical loading condition, the
structure has influence on the stress distribution of
leaf spring. In this article, the stress distribution on the
special shaped leaf spring has no obvious equivalent
stress zone, which is different from the traditional
parabolic shape structure.

(3) Under braking conditions, the stress
distribution of leaf spring can be optimized through
the structure change. From the results of simulation
analysis, the optimized stress distribution can reduce
the stress of the thin section of the end of spring eye,
and improve the life span of the thinnest area.
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