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Abstract
The work is devoted to the diagnostics of the stress state of systems that soften the shock load on the vehicle
body, the elastic element of the car suspension such as a multi-leaf spring. The construction of a mathematical
model taking into account the geometric nonlinearity according to the finite element method theory is
considered. Mathematical modelling was carried out to take into account the change in the stiffness matrix of
the system when changing its shape. For research, a symmetrical semi-elliptical spring consisting of five leaves
is used. All numerous numerical experiments were performed in two computer-aided design (CAD) systems:
ANSYS, a heavy multipurpose package and SolidWorks, a middle-level multipurpose package. Computeraided design algorithms have been developed to expand the capabilities of CAD. The analysis of the results
obtained allows to conclude that the traditional models of nonlinearity in ANSYS and SolidWorks give
approximately the same results, which at the maximum point differ by 20.6% from the data of a full-scale
experiment. When using the proposed model, this difference is reduced to 7.95%.
Keywords: diagnostics, spring, mathematical model, geometric nonlinearity, computer-aided design (CAD),
finite element method, ANSYS, SolidWorks

1. INTRODUCTION
Diagnostics of the load distribution in the
damping elements of vehicles between the spring
leaves is a complex problem in mechanical
engineering, since strain leads to contact interaction
forces that are applied at a number of isolated points.
In this regard, the role of digitalization of the design
diagram of the spring structure with the help of
modern modelling and calculation methods, of
which the finite element method is the most effective
today, is significantly increasing. In this work, these
problems are solved using the ANSYS software
package, one of the more high-tech computer
programs for modelling and calculating structures
and SolidWorks software, which is a universal tool
for modern engineering. Here it is possible to obtain
a solution to the problem of the spring stress-strain
state, taking into account the contact interaction of
its leaves. This approach allows both to model a solid
object of study and to carry out its strength analysis
and optimization.
2. ANALYSIS OF RECENT RESEARCH AND
PUBLICATIONS

nonlinearity are traditionally considered as the
“weakest link” of the FEM [1, 2]. Extensive research
has been devoted to this issue. Many authors believe
that currently used nonlinearity models are simple
and unsuitable for use [3–5]. They provide proof
with some simple test problems solved by other
methods. A comparison with the results of
calculations of the FEM shows the complete
inconsistency of the latter. It is almost impossible to
predict the results of nonlinear calculation of
complex systems with their accuracy [6, 7]. The
assessment of the stressed and strain state is possible
only with a certain degree of error [8-10]. In this
regard, the development of models using a
comprehensive series of computer-aided design
(CAD) tests on various elastic and dissipative
systems is of particular importance [11-13]. Models
and methods for accounting for contact interactions
are different (and sometimes completely different) in
different CAD systems; geometric models and
methods for accounting for nonlinearity functionally
inherent in CAD are practically identical [14-16].
The differences are due to the standard types of finite
elements corresponding to a particular system and
the number of methods used to implement
nonlinearity algorithms.

Calculations of elastic and dissipative systems
taking into account geometric and physical
© 2022 by the Authors. Licensee Polish Society of Technical Diagnostics (Warsow. Poland). This article is an
open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY)
license http://creativecommons.org/licenses/by/4.0/).
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3. THE PURPOSE OF THE RESEARCH
In this regard, the purpose of the work is to obtain
the most accurate solutions for diagnostics of
stresses and strains in damping devices of vehicles.
This goal is achieved by solving the following tasks:
1. Performing a calculation based on the hypothesis
of the transfer of forces along the end sections.
2. Modelling the spring structure using modern
computer programs and its calculation by the
finite element method.
3. Taking into account the contact interaction of the
spring leaves.
4. Optimization of the springs in the SolidWorks
complex.

PLANE42 is used for two-dimensional (2D)
modelling of structures with volumetric stress-strain
state. The element can be used as a flat (with a plane
stressed or strain state) or as an axisymmetric one.
An element is defined by four nodes with two
degrees of freedom at each node: displacement in the
X and Y directions of the nodal coordinate system.
The geometry, location of nodes and the local
coordinate system of the PLANE42 element are
shown in Fig. 3.

4. MATERIALS OF THE RESEARCH
The object of the study is the off-road vehicle
spring. This symmetrical semi-elliptical spring
consists of 4 semi-elliptical leaves, the thickness of
which is 6.5 mm, and a straight main leaf, the
thickness of which is 10 mm, the width of the
package is 70 mm, the length of the leaves is from
660 mm to 1252 mm, the spring deflection boom is
180 mm. (Fig. 1). The spring load is q = 1050 N/mm2.
When modelling the boundary conditions, the real
nature of attaching the leaf spring to the vehicle was
taken into account.
Table 1. Spring leaf length
Leaf number
1
2
3
4
5

1

Length, mm
1252
1138
962
885
660

Fig. 2. Attachment fitting

Fig. 3. Geometry of the PLANE 42 element

BEAM3 is a two-dimensional elastic beam. The
element has three degrees of freedom at each node:
movement in the X and Y directions and rotation
around the Z-axis. The geometry, position of nodes
and coordinate system of the BEAM3 element are
shown in Fig. 4.

The model is executed by means of modelling of
the ANSYS program. Considering that the structure
and the load are symmetrical about the YOX plane
(Fig. 1), the structure can be considered as flat in the
modelling. This approach will not in any way affect
the accuracy of the results, but at the same time the
number of finite elements is significantly reduced,
which means both the calculation time and computer
resources. The spring finite element model is shown
in Fig. 1. When approximating it, an ordered
meshing is used. The average element length was 6.5
mm. The entire model consists of 3391 elements and
3654 nodes.
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Fig. 1. Spring finite element model

When dividing the model into finite elements,
two types of elements were used: for the spring
leaves – the PLANE42 element, for the attachment
fitting (Fig. 2) and for the clamps – the BEAM3
element.

Fig. 4. BEAM3 flat element

When modelling the boundary conditions, the
real nature of the fastening of most of the leaf springs
was taken into account. One edge is fixed hingeimmovably, and the other has a hinge fastening,
carried out by means of a steel bar (Fig. 2). Such a
constructive solution allows the spring to perceive a
certain part of the operating load during free
movement of the spring end by the dimension
determined by the length of the mounting plate.
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The calculation was carried out with a load
applied to the central node F = 10000 N (Fig. 5). The
string strained shape is shown in fig. 6.
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Fig. 6. The string strained shape

The capabilities of the ANSYS program make it
possible to obtain as a result of the calculation a
number of parameters of the stress-strain state: stress
and displacement along the directions of the
coordinate axes, principal stresses and displacement.
In research practice, the analysis of the strength and
stiffness of a structure is usually based on the total
(equivalent) stresses and displacements. Fig. 7
shows the nature of the distribution of equivalent
stresses in the spring, calculated according to the
Huber-Mises strength hypothesis. The maximum
stresses are 352.14 MPa. In this case, the vertical
displacements (Fig. 8) were 7.102 mm. The values
of displacements and stresses at the nodes of the
mesh, generated by the program as a result of the
calculation, are displayed in text files.

Fig. 7. Equivalent stresses

Fig. 9. Linear and nonlinear static analysis
dependencies

All real structures behave non-linearly at
different levels of overload. In certain cases, the
linear analysis may be sufficient. In most cases, a
linear solution can lead to erroneous results, since
the assumptions and hypotheses on which it is based
are violated. Non-linearity can be caused by material
behaviour, large displacements and contact
conditions, as in the case of spring design. To
analyse the research object, the following actions
were performed:
- on the basis of technical documentation, a spring
assembly was built from individual parts such as
leaves, clamps, plates to transfer the real nature
of the load;
- the contact conditions between the spring leaves,
the material, as well as its characteristics are set,
similar to those specified in the Ansys program;
- some features of fixing were taken into account, so
the package of leaves was fixed relative to the
front plane, which makes it impossible to
displace the leaves relative to it;
- the load on the model was transmitted through a
steel plate, which fully corresponds to the
transfer of the real load to the spring during its
operation.
The spring finite element model in the
SolidWorks software is shown in Fig. 10. Here, as in
the calculation without taking into account contact
stresses, an ordered meshing was used, but the
average element length was 6.8 mm, and the model
consists of 7647 elements and 6190 nodes.

Fig. 8. Total displacements

4.1. Spring diagnostics taking into account
contact stresses in the SolidWorks software
package
Taking into account the contact interaction of the
spring leaves leads to a change in the parameters of
the stress-strain state. This fully confirms the
calculation of the off-road vehicle spring, carried out
taking into account the contact stresses. Linear static
analysis assumes that the relationship between loads
and induced reactions is linear (Fig. 9).
When the magnitude of the loads is doubled, the
reactions (displacement, load, stress, support
reaction, etc.) will also double.

Fig. 10. Finite element model, loading and support
fixing of the contact problem

The calculation of the spring was carried out with
the same load q = 1050 N/mm2 applied to a plate with
dimensions of 70*15 mm.
Fig. 11 shows the distribution of equivalent
stresses according to the Huber-Mises strength
hypothesis. The maximum stresses were 371.2 MPa.
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The maximum displacements were 6.56 mm
(Fig. 12).

Fig. 11. Equivalent stresses in the contact
problem

possible to take into account almost all those features
that occur when calculating leaf springs. Ample
opportunities have opened up for optimizing the
design, reducing its material consumption and cost.
4.2. Optimization of leaf spring parameters.
Analytical calculation of the number of
spring leaves
The methodology proposed earlier to design a
symmetrical spring of an off-road passenger car,
with several semi-elliptical leaves is used. The
working load is F = 10000 H. The distance between
the end sections (ears) of the straightened spring is
1252 mm, the deflection under the working load is
180 mm. The total moment of inertia of the spring
section is:
Pl 3
10 1,252 3
J =
= 1,35
= . (1)
48Ef
48  2,1 108 180 10 −3
= 1,08 10 −8 m 4 = 1,08 сm 4 .
The sections of the spring leaves are different, in
this regard, the moment of inertia of the main leaf
with a section of 10 x 70 mm will be found:
J1 =

bh3 7 13
=
= 0,5833 cm4.
12
12

(2)

The moment of inertia of leaves with a cross
section 6,5 x 70 mm is determined:
Fig. 12. Total displacements

J2 =

The maximum contact stresses in the spring
leaves were 56.1 MPa (Fig. 13).

Fig. 13. Contact stresses in the spring leaves

The numerical values of the deflections and
stresses at the mesh nodes are displayed in text files
obtained as a result of the calculation. It should be
noted that when taking into account the contact
interaction of the spring leaves, the maximum
stresses of 371.2 MPa are 7% higher than the stresses
calculated without taking into account the contact of
the leaves, but the nature of the stress distribution
over the spring completely changes (Figs. 7 and 10).
This indicates that the generally accepted model of
contact interaction between leaves, according to
which contact is carried out along the entire line of
their message, does not correspond to reality; real
contact between the leaves occurs at a number of
points. This conclusion is confirmed by optimization
calculations. The finite element analysis made it

bh3 7  0,653
=
= 0,16 cm4.
12
12

(3)

The moment of inertia of the package, excluding
the main leaf is determined:
J − J 1 = 1,08 − 0,5833 = 0,497 сm 4 .
(4)
In the case of the thickness of all remaining
spring leaves, the required number of leaves is equal
to:
J 0,497
(5)
m=
=
= 3,1
J1
0,16
Accepted m = 3.
That is, taking into account the main leaf, the
designed spring should consist of four leaves. Note
that the actually existing spring of an off-road
vehicle consists of 5 leaves.
4.3. Spring Optimization in SolidWorks
SolidWorks software has the ability not only to
calculate the structure, but also to optimize it. The
purpose of the optimization calculation is to obtain
the minimum values of such quantities as weight,
surface area, volume, stress, natural frequencies, etc.
It is necessary to distinguish between methods and
means of optimization. Optimization methods
optimize the objective function by varying the input
parameters. Optimization tools provide one or more
sets of initial values (objective function, state
variables); when the input parameters change
according to a given law, they do not optimize the
objective function. Before optimization, it is
necessary to perform a static calculation. To do this,
a volumetric model of a leaf spring directly in the
SolidWorks package is modelled (Fig. 14).
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Fig. 14. Volumetric model of the vehicle
spring

When solving optimization problems in
SolidWorks, the following algorithm is used:
1. Creation of a geometric model of SolidWorks. The
dimensional system is formed so that the
geometric dimensions of the leaves are
controlled by design parameters. The possibility
of building a model when changing each of these
parameters is checked.
2. Creation of a computational model of SolidWorks
modelling, with the specification of fixings and
loads necessary for the conditions.
3. Meshing and static calculation of the spring.
4. The variables on the basis of which the
optimization of the research object will occur are
set.
5. Let us set a limitation, in this problem the
maximum allowable stress in the spring leaves
should not exceed 600 MPa.
6. The aim of optimization is to reduce the weight of
the structure.
7. As a result of optimization, a four-leaf spring was
obtained with a 10 mm thick main leaf, a
thickened leaf of 7 mm width, as well as two
leaves with the same characteristic sections,
shown on Fig. 15.

Fig. 15. Leaf spring model resulting from
optimization

To confirm the reliability of the design obtained,
this spring with the same fixings and loads will be
calculated. The finite element model of a leaf spring
is shown in Fig. 16.
Fig. 17 shows the distribution of equivalent
stresses according to the Huber-Mises strength
hypothesis. The maximum stresses are 598.7 MPa.

Fig. 16. Finite element model of a leaf spring

Fig. 17. Equivalent stresses in the contact
problem

The maximum displacements were 7.972 mm
(Fig. 18).

Fig. 18. Total displacements

5. CONCLUSIONS AND
RECOMMENDATIONS FOR
DIAGNOSTICS OF THE STRESSSTRAINED STATE OF DAMPING
DEVICES OF VEHICLES
The calculation based on the hypothesis of the
transfer of forces at the ends gives the results that are
closer to reality than the calculation based on the
hypothesis of equal curvature of the leaves, which
gives underestimated values of stresses in the
extreme short leaves. In view of this, it is
recommended to apply a method based on the
hypothesis of the transfer of forces at the ends of the
leaves for a refined verification calculation of the
spring, and for design calculations - a simplified
method based on the assumption of the equality of
the curvature of the leaves with corrections to the
stress values in short leaves.
The exact solution of the problem of the load
distribution between the leaves of the spring is
difficult, since strain leads to contact forces of
interaction applied at a number of isolated points. In
this regard, the role of modelling the spring structure
using modern computer programs and its calculation
by numerous methods increases significantly, of
which the most effective today is the finite element
method, which is the basis of two modern programs
ANSYS and SolidWorks.
Taking into account the contact interaction of the
spring leaves leads to a change in the parameters of
the stress-strain state. This is fully confirmed by the
calculation of the off-road light motor vehicle spring,
carried out taking into account the contact stresses in
the SolidWorks package.
The studies have shown that the generally
accepted model of contact interaction of leaves,
according to which the contact is carried out along
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the entire line of their communication, does not
correspond to reality, the real contact between the
leaves occurs at a number of points.
Spring optimization in the SolidWorks complex
resulted in a four-leaf spring, the stresses in which
do not exceed the permissible values. This
calculation is fully confirmed by comparing the
results of the analytical determination of the number
of spring leaves and the computer calculation by the
finite element method.
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