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Abstract 

In this paper, we present research on the structural optimization of a rod in a 
1-cylinder in-line thermal engine structure. To perform this optimization, we 
will use the finite element analysis program, ANSYS. We will parametrically 
model the connecting rod using ANSYS Design Modeler. Some geometrical 
dimensions, such as the radii of the connection, and the relief channels, we 
will consider as structural optimization parameters. The objective function of 
this optimization is to reduce stress concentrators, with the aim of increasing 
fatigue strength, but also to reduce connecting rod mass. We will present the 
results obtained, in the form of 3D graphs. We will present the optimal 
solution for the geometrical shape of the connecting rod. The study 
demonstrates the effectiveness of structural optimization programs to achieve 
optimal part design shapes effect. 

Keywords: Structural Optimization, Engine Dynamic model, Multibody 
Simulation. 

 

1. Introduction 

Finite element analysis of the connecting rod of an internal combustion engine is a research 
topic for many authors [1, 2, 3]. In addition to structural analysis, in the literature, we find 
studies that address the analysis of structural integrity in terms of resistance to fatigue [4, 5]. 
The most widely used software for checking structural integrity with finite elements is ANSYS 
[1]. There is research [6], which shows that aluminium alloys are also used to manufacture the 
connecting rod, in order to reduce the mass. In order to validate the structural integrity of any 
type of designed part, the first step is that of the structural analysis with FEM. The ANSYS 
program allows us to perform an analysis of the strength of the connecting rod made of metal 
powders, taking into account the material and its mechanical properties. In addition to 
validating the construction of the connecting rod, this analysis allows us to validate the material 
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based on titanium alloy, as a solution for the manufacture of a heat engine connecting rod, 
namely: high mechanical strength combined with a low specific mass (material density is 
3.63grams / centimeter3). 

2. Dynamic analysis of the thermal combustion engine rod considered as a deformable 
solid 

2.1. Theoretical background of dynamic modal analysis with MSC Adams software 

In this paragraph, we will present some theoretical aspects of dynamic modal analysis with 
MSC ADAMS software. This is necessary because, in the dynamic simulation in ADAMS, it 
is important to consider the connecting rod as a deformable solid. Modal superposition is 
valorised in two key areas: 

• Flexible kinematics of markers; 

• Equations of motion of flexible bodies. 

Marker kinematics refers to marker position, orientation, speed, and acceleration. ADAMS 
uses marker kinematics in three essential areas: 

• Markers' position and orientation must be known to satisfy constraints such as those 
imposed in the JOINT and JPRIM elements. 

• To project the point forces applied to the generalized coordinates of the flexible body 
markers. 

• Marker measures (for example DX, WZ, PHI,  ACCX, and so on), require information 
about the position, orientation, velocity, and acceleration of the markers. 

The instantaneous position of a marker that is attached to node P, on a flexible body, B, is 
the sum of three vectors (Figure 1). 

 

𝑟 �⃗� 𝑠 𝑢      (1) 

 

where: �⃗�  is the position vector from the origin of the fixed reference system, to the origin 
of the local reference system, B of the flexible body; 𝑆𝑝  - the position vector of the undeformed 
location of point P, relative to the local reference system attached to body B; 𝑈�⃗�  - is the 
translation of the deformation vector of point P, the position vector from the location of the 
undeformed point to the deformed location. 

up
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Figure 1. The position vector of the deformation point P' of a flexible body relative to a 
reference system attached to the body B and the fixed base G  
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If we rewrite equation (1) in a matrix form, expressed in relation to the basic coordinate 
system: 

𝑟 𝑥  𝐴 𝑠 𝑢     (2) 

where: x is the position vector, from the origin of the fixed system to the origin of the local 
reference system attached to the flexible body B, expressed in the fixed (basic) coordinate 
system. The elements of the vector �⃗� , namely x, y and z, are the generalized coordinates of the 
flexible body; Sp is the position vector from the local reference system B to point P, expressed 
in the body's local coordinate system, which is constant; 𝐴 - is the transformation matrix from 
the local reference system in B to the base system. This matrix is known as being formed with 
the principal cosines of the local reference system relative to the fixed one. Orientation is 
calculated using Euler's angles, Ψ, θ, and Φ. Euler's angles are the generalized coordinates of 
the flexible body; up is the translational strain vector of point P, also expressed in the local 
coordinate system attached to the body. The strain vector is a superposition of shape functions: 

 

𝑢 𝛷 𝑞     (3) 

 

where: Φp, is the part of the matrix of shape functions that corresponds to the translational 
degrees of freedom for the node P. 

Matrix size Φp is 3xM, where M is the number of shape functions. Coordinates of shape 
functions qi, (i=1...M) are the generalized coordinates of the flexible body. 

Thus, the generalized coordinates of the flexible body are: 
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The equations governing a flexible body are derived from Lagrange's equations: 

 

• • 𝜆 𝑄 0, 𝛹 0       (5) 

 

where:  L is the Lagrangian, defined: L=T-V,  T, and V represent the kinetic energy, 
respectively  potential energy; F is the energy dissipation function defined; Ψ are the constraint 
equations; λ are the Lagrange multipliers for the constraints; ξ is the defined generalized 
coordinates; Q are the applied generalized forces (the applied forces projected on ξ). 
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2.2. Dynamic modal analysis with MSC Adams for an internal combustion engine 

 

To create the dynamic model in ADAMS we went through the following steps: 

1. We have defined the materials corresponding to the kinematic elements, as well 
as the kinematic couples related to the model. 

2. We have specified the variation law of the pressure inside the combustion 
chamber, corresponding to an engine cycle. 

The variation law of the pressure inside the combustion chamber, corresponding to a 
complete engine cycle, i.e. two revolutions of the crankshaft [7], is shown in Figure 2. 

 

 

Figure 2. Pressure variation law in the combustion chamber, during the combustion process  

 

The diagram for pressure (MPa) is reported in Figure 2. Based on the spline function we will 
define the force on the piston head. Obviously, the pressure value must be multiplied by the 
surface area of the piston (Area of a circle). The force is defined, with function Builder, based 
on the spline built with experimental data, and the Akima Fitting Method. Press the Assist 
button, and the Akima Fitting Method window appears. The first independent variable is time, 
then the constructed spline function will be selected. 

 

Figure 3. The thermal combustion engine virtual model imported in MSC Adams for virtual 
dynamic simulations 
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In Figure 4 it is shown the connecting rod of the mechanism is defined as a deformable solid 
one. 

 

Figure 4. Defining the connecting rod of the thermal engine as a deformable solid one, 
through the mesh option in the finite elements simulations 

 

The results presented below are graphs that show the variation over time of the translational 
deformation, the speed, and the deformation acceleration of the marker attached to the centre 
of connecting rod mass. 

 

 

Figure 5.   Deformations variation laws for the marker attached to the centre of mass of the 
connecting rod along the X and Y axes, relative to the global axis system  

 

 

Figure 6.   Deformations variation laws for the marker attached to the centre of mass of the 
connecting rod along the Z axis, relative to the global axis system 
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Figure 7. Velocity variation laws for the marker attached to the centre of mass of the 
connecting rod along the X and Y axes, relative to the global axis system  

 

 

Figure 8. Velocity variation laws for the marker attached to the centre of mass of the 
connecting rod along the Z axis, relative to the global 

 

  

Figure 9. Acceleration variation laws for the marker attached to the centre of mass of the 
connecting rod along the X and Y axes, relative to the global 

 

 

Figure 10. Acceleration variation laws for the marker attached to the centre of mass of the 
connecting rod along the Z axis, relative to the global 

 

These values obtained for the parameters presented above fall within the normal operating 
limits. 
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3. Connecting rod structural optimization with the finite element method 

In this paragraph, we propose to carry out the structural optimization of the connecting rod 
of a heat engine. For this study, we will use the finite element analysis program ANSYS, and 
we will use the ANSYS Workbench module. 

The block diagram of the connecting rod structural optimization process is shown in Figure 
11. 

 

Figure 11. Block diagram of the connecting rod optimization process 

 

The successive steps taken, according to the block diagram, are detailed below. It is observed 
that in the first stage, we have to choose the type of finite element analysis desired, which is 
structural static. The next stage allows us to choose the material from the "Engineering data" 
database, or to define the characteristic properties of a material. 

A very important stage is the construction of the geometry of the part, which must be defined 
parametrically so that it can be modified in order to obtain the optimal geometry. The 
optimization with finite elements has as important objectives: Reducing the mass of the piece; 
Reducing stress concentrators in the part. 

The part geometry can be made with two tools available in ANSYS Workbench, namely: 
Ansys Space Claim and Ansys Design Modeler. 

In this application, we will choose to create the geometry using Ansys Design Modeler. For 
this, we will use an execution drawing from a connecting rod that exists on a thermal engine. 
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Figure 12. The existing connecting rod on a thermal engine 

Through the geometric construction tools in ANSYS Design Modeler, we will make the first 
sketch, as shown in Figure 13. 

 

Figure 13. Making the first sketch, based on which the profile of the connecting rod will be 
made by extrusion  

The values of these parameters, which are indicated in Figure 13, have the numerical values 
specified in Figure 14. 

 

Figure 14. Design parameters initial values 
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The extrusion of this first sketch, indicated in Figure 3 will be made along the length of 15 
millimetres, as shown in Figure 15, where we see the discretized connecting rod in finite 
elements. 

 

Figure 15. Connecting rod finite element meshing 

As for the equivalent stresses obtained, their distribution is shown in Figure 16. The 
maximum value is 39.095 MPa and it can be seen that the piece does not present stress 
concentrators. 

 

  

Figure 16. Von Misses equivalent stress distribution for the analysed connecting rod 

 

The steps of the structural optimization of the connecting rod are the following: Design 
parameters are defined, namely: Diameter D4 and radius R12 (see Figure 13); Definition of 
design parameters; Definition of the output parameters, i.e. the mass of the connecting rod and 
the maximum value of the equivalent stress; Running "Design of Experiments". 

For each input parameter, the variation limits are defined, i.e. the minimum and maximum 
possible value, as shown in Figure 17. 
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Figure 17. Design variables limit definition 

With this data, a number of 10 possible design variants are calculated as shown in Figure 18. 
For each of these design variants, the program calculates the values of the output parameters, 
which are shown in columns D, E and F from Figure 18. The response surface will be evaluated 
as it can be remarked in Figure 19. 

 

 

Figure 18. Possible design solutions 

 

Figure 19. Output parameters maximum and minimum limits setup 

The response surface of the output parameters as a function of the two input parameters is 
shown in Figures 20 to 22. The candidate point for the optimal solution is shown in Figure 23. 
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Figure 20. Response chart for P3 Solid Mass versus input parameters P1 and P2 

 

Figure 21. Response chart P4-Equivalent Stress Maximum versus input parameters P1 and P2 

 

Figure 22. Response chart P5-Equivalent Elastic Strain Maximum versus input parameters P1 
and P2 
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Figure 23. Optimization candidate points 

4. Conclusion 

This paper proposes a methodology for the dynamic study of a thermal engine connecting 
rod, considering its flexibility, complemented by a structural optimization algorithm with the 
finite element method.  This methodology can be applied to any type of kinematic element in 
the structure of a bar mechanism.  

The connecting rod of a thermal engine is a very important part, for which it is necessary to 
carry out a dynamic study considering its flexibility as well as structural optimization.  

In conclusion, the proposed study methodology can be successfully used to be applied to 
other design models of connecting rods in the structure of a thermal engine, and not only. 
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