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Abstract: Additive manufacturing allows the creation of geometries otherwise impossible to achieve 
through traditional technologies in mechanical components. These geometries can be obtained us-
ing algorithms to optimize the mass distribution. Topology Optimization algorithms are one of the 
tools most applied in design for additive manufacturing and lightweight engineering. These opti-
mization techniques require Finite Element Method tools to evaluate and compare the mechanical 
behavior of different geometrical solutions. The optimization results are closely related to boundary 
conditions, objectives, and constraints. Therefore, one of the issues is the necessity to evaluate dif-
ferent parameter settings to improve the result in terms of lightweight, strength, and easy printabil-
ity. This article shows a working method to use topological optimization for lightening a connecting 
rod. The resultant model is optimized considering Additive Manufacturing. 
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1. Introduction  
Metal Additive Manufacturing (AM) enables the creation of components with geo-

metric shapes that are impossible to achieve using traditional subtractive manufacturing 
techniques. The shapes can be modeled by lattice structures, which are the space repetition 
of a unit cell with selected mechanical characteristics [1], or geometrical optimization 
methods based on mathematical algorithms. These methods are Generative Design, Top-
ological Optimization (TO), Shape Optimization, and others [2]. The lightening of the 
parts, maintaining the same mechanical properties and functionalities of the starting com-
ponent, is the main purpose of these geometrical methods. One of the most used methods 
to lightweight components and obtain free-form geometries is the Topological Optimiza-
tion (TO), where the material distribution is optimized minimizing an objective function 
following different strategies such as the Solid Isotropic Material with Penalization (SIMP) 
method and Level Set Method [3]. On the other hand, the realization of shapes obtained 
by TO algorithms and similar requires an AM approach. Laser Powder Bed Fusion (L-
PDF), also known as Selective Laser Melting (SLM), is the 3D metal printing process that 
allows to achieve high-level mechanical characteristics such as low porosity, surface fin-
ishing, and geometrical accuracy [4]. 

This paper aims to identify a method for lightweight components using topological 
optimization to be realized using the L-PBF process, combining geometric optimizations 
with the known constraints of metallic AM. As a test case, this paper optimizes a connect-
ing rod, considering weight reduction and printability. The document describes the re-
search background, in Section 2, the proposed method in Section 3, and the case study in 
Section 4. Finally, Section 5 ends with conclusions. 

2. Research background 
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2.1.  Topology optimization 
TO is one of the most used methods to optimize the material distribution in structural 

components. It is based on the iterative removal of unnecessary material within a prede-
fined initial volume, known as a Design Space, by a given configuration of loads, con-
straints, optimization objectives, and functional regions to be preserved in a Non-Design 
Space. The material distribution problem has been introduced by Bendsøe defining the 
process of shape optimization as the research of the best way to arrange spatial material 
distribution on specific loads and boundary conditions [5].  

Generally, the objective of the TO problem is to minimize compliance, which essen-
tially means maximizing the overall stiffness of the structure. This optimization approach 
is valuable in engineering, enabling weight reduction while maintaining its stiffness-re-
lated characteristics intact. 

The most widespread and used topological optimization methods are the Solid Iso-
tropic Material Method (SIMP) and the Level Set Method (LSM). Both are based on the 
Finite Element Method (FEM) discretization mesh where the Design Space is analyzed 
with a Finite Element Analysis (FEA), that determines the displacement and stress gradi-
ents that help TO in the selection of elements that are not useful for the optimization prob-
lem. 

The SIMP method, also called the “density method”, is based on the relation between 
the density design variable and the material property of each element of the mesh, bound 
by the penalization parameter. The penalization effect only works in the presence of a 
volume constraint or some other constraint that indirectly limits volume [6]. On the other 
hand, the SLM method is based on employing a continuous level-set function, where the 
interface is associated with the contour where the function equals zero. In practice, this 
level-set function is a Lipschitz continuous real-valued function. It serves as a scalar field 
that represents the distance to the nearest interface or boundary. The boundary of the 
design is implicitly represented as the zero-level set of the function [7].  

2.2. Additive Manufacturing  
AM is defined according to the ISO/ASTM 52900:2022 standard [8] as the method of 

building components from 3D CAD models by incrementally adding material, typically 
layer by layer. This approach contrasts traditional techniques like subtractive and forma-
tive manufacturing. AM has evolved into a relevant method of producing parts, particu-
larly due to its capacity to fabricate complex shapes that are impossible to produce with 
other technologies. Seven distinctive categories of AM processes have been identified for 
generating objects based on 3D CAD models. The materials employed in these procedures 
are plastics, composites, ceramics, and diverse metal alloys like steel, aluminum, titanium-
aluminum, copper, and more. 

Laser Powder Bed Fusion (L-PBF), also known as Selective Laser Melting (SLM), is 
the technique that delivers optimal results in achieving precise surface smoothness and 
tolerances for manufacturing metallic components. L-PBF is based on fusing thin layers 
of metal powder, known as "layers", using thermal energy generated by a laser source [9]. 
During this procedure, the laser beam fully melts the metal powder particles due to the 
high energy input. The L-PBF method facilitates the creation of components with a density 
nearly equivalent to those obtained through traditional foundry processes. To achieve 
high density, the metal powder particles are entirely melted, generating residual stresses 
due to significant thermal gradients between the layers. However, these stresses could 
potentially lead to issues such as distortion, delamination, or cracking, which might result 
in part failure [10]. 

The results of the L-PBF process can be affected by numerous drawbacks. Some geo-
metrical drawbacks include the minimum wall thickness and hole clearance. Others are 
related to the printed parts' final quality, such as the dimensional accuracy, porosity, or 
surface roughness. Drawbacks related to the process concern support structures, building 
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time, cost of process and materials, and the necessity of cutting and removing the base 
and supports [11]. The support structures are necessary to print metal parts having sur-
faces with critical overhang angles. Moreover, these supports contribute to heat dissipa-
tion, reducing the risk of deformation and residual stress due to the high thermal gradi-
ents. However, the supports must be easily removable and lightweight to reduce the 
scraps [12]. Another factor to be considered in metal printing is the part orientation that 
affects the quantity and the extension of the overhang surfaces. The orientation should 
consider the best trade-off between production time, cost, removability, and accuracy [13]. 

Printing simulation tools can be used to avoid material waste and failures. Thus, 
these tools can reduce costs and printing time due to design errors. Choosing the correct 
process parameters makes it possible to predict if the printing process will be successful 
[14]. If this happens, the component is ready to be printed; otherwise, it is necessary to go 
back and modify the project. 

2.3.  Connecting Rod 
The main mechanism that allows Internal Combustion Engines (ICE) to work is the 

connecting rod-crank-piston system. This mechanism transforms the translational motion 
generated by combustion inside the cylinder into rotary motion (Figure 1). 

Inertial forces play a fundamental role in the balance of forces and engine efficiency. 
By making these key parts lighter, it is possible to improve the overall performance of the 
ICE [15]. This paper focuses on the optimization and lightening of a connecting rod. 

 
Figure 1. Piston-Connecting Rod- Crank System. 

The connecting rod is an intermediary component connecting the piston and the 
crankshaft. Its main role involves transferring the push-pull action from the piston pin to 
the crankpin, converting the piston's reciprocating linear movement into the rotary mo-
tion of the crankshaft. This conventional design of the connecting rod is commonly ob-
served within ICE [16]. 

The connecting rod is constantly subjected to alternating tension and compression 
stresses which vary in magnitude and direction during its operation. When the dimen-
sions of the connecting rod are too large, it not only leads to the wastage of materials but 
also compromises the equilibrium of system motion, resulting in excessive noise during 
operation. As a result, the effectiveness and dependability of the connecting rod structure 
directly impact the smooth functioning of the ICE [17]. 

3. Method 
Fig. 2 shows the workflow used in this work. This method aims to integrate the 

phases of Topology Optimization and AM simulation with a Knowledge Base that sup-
ports the study of the lightweight design without compromising the printability of the 
part. The method can be divided into three major phases. The first one concerns the study 
of the starting model, which is the component to be redesigned and optimized. The second 
phase is focused on the TO of the mechanical part. The third one is the redesign of the 
component considering the known constraints of the AM process. 
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Figure 2. Proposed Method to optimize the redesign of additive components. 

The first phase begins with the CAD modeling (As-is model). This can be obtained 
through different techniques, such as Reverse Engineering. The original CAD model is 
imported into a Finite Element Method (FEM) system to study its mechanical behavior 
under the boundary conditions.  

The second phase concerns the optimization of the geometry using the TO approach 
with an oversized CAD model as input. The oversized CAD model (Fig. 3b) is used to 
limit the influence of the input model on the TO computation. The boundary conditions 
must be the same as the previous FEM analysis. 

To correctly apply the TO method, it is necessary to carefully choose the objective 
functions and constraints such as mass reduction and symmetries. Each configuration af-
fects the result of the TO calculation. The objective functions and constraints can be seen 
as parameters of the overall optimization process. The selection of objectives and con-
straints should be oriented to obtain a printable geometry, avoiding bodies with internal 
cavities, thin walls, and holes with critical diameters. This iterative phase can be repetitive 
and long. However, the introduction of a Knowledge Base can fill the bridge between the 
TO analysis and the AM process.  

The third phase regards the final CAD modeling, starting from the resulting geome-
try of the TO analysis. The objective is to arrive at a component that can be 3D printed. 
Therefore, it is necessary to consider the AM process constraints and evaluate the best 
tradeoff between orientation and support structures. During this phase, the optimized 
model is redesigned considering all these factors. The FEM analysis is applied with the 
same boundary conditions to validate the final model. Finally, the AM printing simulation 
is applied to evaluate stress and deformation during and after manufacturing. If the result 
is acceptable, the part is ready to be printed; otherwise, something must be changed. 

4. Case Study: Connecting Rod 
The proposed method has been applied to optimize the connecting rod of a 1.6-liter 

automotive diesel ICE, reducing the final weight, and considering manufacturing with the 
AM process. CAD software was used for the geometrical model of the connecting rod, and 
two different FEM tools were used for the structural simulations and the 3D printing anal-
ysis. 

4.1. CAD models  
The starting CAD model (As-is) was realized by reproducing the geometry of the real 

component (Fig. 3a). An oversized CAD model (Fig. 3b) was used as input geometry for 



Eng. Proc. 2023, 5, x FOR PEER REVIEW 5 of 8 
 

 

the TO phase, considering a greater volume to not affect the optimization result. The over-
sized model considers the limited operative dimensions of the analyzed Piston-Connect-
ing Rod-Crank system. This procedure allows the TO algorithm to be free as much as 
possible to remove material where it isn’t necessary. 

  
(a) (b) 

Figure 3. (a) CAD Model (As-is); (b) Oversized CAD Model used for the TO analysis. 

4.2. Boundary conditions, FEM (AS-IS)  
The loads acting on a connecting rod vary over time in direction and intensity. Dur-

ing the entire cycle, the connecting rod receives various tensile and compressive stresses. 
Five loading conditions (Tab.1) were applied to the model to validate the component. To 
calculate the maximum compressive force, applied in the small end and the large one, a 
pressure of about 50 bar was considered in the combustion chamber at the top dead center. 

On the other hand, the maximum tensile force was calculated considering the geom-
etry of the Piston-Connecting Rod- Crank system and the maximum angular velocity. The 
tensile force was applied to the small and the large ends. 

A fifth load condition considers the case of inertia bending. This case condition is 
verified when the angle between the connecting rod and the crank is 90°. In this load case, 
the bending moment due to inertia forces is about  52,1 𝑁𝑁𝑁𝑁 (𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚) and it is combined 
with a residual compression force of Fr =  8000 N, directed along the center of the crank 
rotation. 

Table 1. Load cases analyzed in the proposed study. 

ID Case Applied loads  
1 Compression force at small end Fmax = 25000 N 
2 Tensile force at small end F𝑡𝑡  =  8842 N 
3 Compression force at large end Fmax = 25000 N 
4 Tensile force at large end F𝑡𝑡  =  8842 N 
5 Inertia bending  Fr = 8000 𝑁𝑁;  𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚  =  52,1 𝑁𝑁𝑁𝑁 

 

  
Figure 4. Stress distribution report for the ID 4 case (worst-case scenario). 
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Fig. 4 shows the stress distribution for the load case ID 4, evaluated by FEM tools. 
This is the worst-case scenario between the five load cases considering the maximum Von-
Mises Stress. The most stressed area is on the small end. Table 2 shows the results of the 
FEM analysis for each load case. 

Table 2. Results of FEM Analysis. 

Load ID Equivalent von-Mises Stress [MPa] Displacement [mm] 
1 165,8 0,045 
2 177,1 0,049 
3 175,9 0,061 
4 200,1 0,062 
5 41,6  0,006 

 
Moreover, a modal analysis was performed to check the first natural frequency of the 

connecting rod. The first six modes of vibration are shown in Tab. 3. 

Table 3. Modes of vibration. 

Mode 1 2 3 4 5 6 
Frequency [Hz] 648,74 1555,1 2409,1  4116,4 6415,5 9116,8 

 

4.3.  TO: Objectives, Constraints, Results 
The SIMP method was used for the TO analysis. The optimization begins by defining 

the Design and Non-Design zones, which are the areas where the algorithm can act or not 
act due to coupling with other parts of the assembly. The selection of the design and non-
design zones is extremely relevant for the success of the optimization in terms of the 3D 
printability of the component. This analysis also requires boundary conditions, optimiza-
tion constraints, and optimization objectives. To achieve a lightweight and printable com-
ponent a Ti-6AL-4V titanium alloy was chosen. The same loads applied to the FEM (As-
is) analysis have been used. The chosen objective function is the minimization of the global 
compliance of the component due to all loads. The constraints chosen can be divided into 
two classes, the first one concerns the design constraints such as the symmetries of the 
connecting rod.  The second regards the functional constraints related to stress and mass. 
The maximum stress was limited to 500 MPa, and the percentage of the final mass was 
between 15% and 20% of the input mode (oversized model). Fig. 5 shows the result of the 
TO process after 56 iterations. 

 
Figure 5. Result of the TO. 

4.4.  Redesign and Printing Simulation 
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Following the proposed method to realize a lightweight component that can be easily 
printed, it is necessary to consider the AM knowledge base during the redesign phase. 
Considering all the AM parameters and constraints, and the geometry obtained from the 
TO analysis, it is now possible to obtain a lightened component. Figure 6a reports the 
result of the final redesign phase. 

 
 

(a) (b) 

Figure 6. (a) Result of the redesign phase; (b) Stress distribution - FEM Analysis of the worst case 
(Load case 2). 

To validate this optimized geometry is necessary to perform again the FEM Analysis. 
The previous boundary conditions were used, and the result of the worst load case (Load 
case 2) is shown in Fig. 6b. Table 4 shows the results of the FEM analysis for each single 
load case. Tab. 5 shows the modes of vibration of the new part. 

Table 4. Results of FEM Analysis of the optimized geometry. 

Load ID Equivalent von-Mises Stress [MPa] 
1 156,2 
2 299,7 
3 111,5 
4 239,5 
5 39,8  

 

Table 5. Modes of vibration of the optimized geometry. 

Mode 1 2 3 4 5 6 
Frequency [Hz] 744,72 1421,2 3930,1 4305,4 5400,9 8878,6 

 
Fig. 7 shows the results of the 3D printing simulation, reporting displacement (Fig.7a) 

and stress distribution (Fig.7b). The values of stress and deformation on the part can be 
considered acceptable. The connecting rod is now ready to be printed. 

  
(a) (b) 
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Figure 7. (a) Displacement and (b) Von-Mises Stress trends obtained with the printing simulation 
of the optimized Connecting Rod. 

Tab. 6 shows how much the optimization of the geometry, and the change of the ma-
terial affects the final weight of the component. The TO process and the use of a perform-
ing Titanium alloy (Ti-6AL-4V) reduce the volume by 21.8% and the overall weight of the 
connecting rod by 56,1%.  

Table 6. Volume and weight comparison. 

Model Volume [𝒎𝒎𝒎𝒎𝟑𝟑]  Weight [Kg] 
As-is 85.370 0,670 

Redesigned 66775 0,294 

5. Conclusions 
To summarize, this paper proposes a method to redesign a lightweight mechanical 

part with AM. The main purpose of this article is to analyze an approach that can integrate 
geometric optimization methods with the AM knowledge base. The method starts from 
the CAD modeling of a real component and uses tools such as FEM, TO, and AM 
knowledge base to optimize the part. The AM knowledge base includes the AM con-
straints and the choice of orientation and supports. The method also includes the 3D print-
ing simulation to evaluate the behavior of the process and results. The overall approach 
shows the possibility of optimizing an additive component using tools to reduce weight, 
design time, and process time in manufacturing. A final AM simulation activity allows 
failures and defects to be reduced. By integrating different design tools and introducing a 
Knowledge Base, it is possible to reduce lead time in the early design phases. The large 
use of simulations in AM can reduce the cost of prototypes. Moreover, the use of 
Knowledge Base rules in design can avoid analyzing feasible solutions. 
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