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This study investigates the impact of void parameters, such 

as number, shape, and size, on the structural compliance of 

topology-optimized structures in additive manufacturing. The 

optimization uses the Sequential Element Rejection and Admission 

algorithm with a cantilever beam model subjected to a vertical 

load. Voids, modeled as elliptical regions with varying aspect ratios 

and saturations, are introduced into the optimized structure to 

simulate potential manufacturing defects. The influence of these 

void parameters on compliance is evaluated through finite element 

analysis, focusing on the relationship between void saturation, 

aspect ratio, and void size. The results indicate compliance 

increases with higher void saturations; the impact of void shape is 

more pronounced at high saturations. These findings provide 

insights into optimizing void characteristics for enhanced structural 

performance in additive manufacturing.  

1. Introduction 

Additively Manufactured (AM) Optimized Structures represent a significant 

advancement in engineering and manufacturing (Plocher & Panesar, 2019). A primary advantage 

of AM structures is the ability to produce complex geometries with lighter and stronger 

components, which is particularly beneficial in aerospace and automotive industries where 

weight reduction is crucial. Additionally, additive manufacturing facilitates rapid prototyping 

and production (Al Ali et al., 2024), reducing lead times and enabling iterative testing and design 

improvements (Al Ali et al., 2022). 

However, AM Optimized Structures are reported to have issues related to AM parts’ 

mechanical properties and reliability (Lynch et al., 2018; Zhengkai et al., 2023), as the layer-by-

layer construction can introduce defects and inconsistencies. Furthermore, the scalability of 

additive manufacturing for mass production remains limited, often rendering it less efficient for 

large-scale manufacturing than conventional methods. A significant issue is the potential for 

voids to form within the material during the layer-by-layer deposition process. These voids can 

weaken the structure, reducing mechanical strength and durability. Such voids often result in 

inconsistencies within the material that may not be immediately visible but can affect the part’s 

overall performance, particularly under stress or load (Smith et al., 2016). 
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Zhu et al. (2021) discuss the structural fatigue performance of materials produced through 

Additive Manufacturing (AM), particularly for aerospace applications. It highlights that AM 

materials, such as Selective Laser Melted (SLM) 17-4 PH stainless steel, exhibit significantly 

lower fatigue life and strength than their wrought counterparts due to defects like unmelted 

regions and gas pores. The review emphasizes the need for improved post-manufacturing 

treatments, such as hot isostatic pressing and surface treatments, and effective topology 

optimization to enhance the fatigue performance of AM parts, while also noting the challenges 

posed by microstructural anisotropy and the differences in thermal history between experimental 

samples and genuine parts. 

Dana et al. (2019) investigated the impact of printing direction on tensile properties. Four 

printing orientations were considered: 0°, 90°, alternating 0°/90°, and alternating -45°/45°. The 

fracture surface analysis revealed microstructural features like layers, beads, and droplets 

affecting fracture modes. X-ray tomography confirmed a porosity network structured by printing 

paths, influencing material properties. The analysis of voids across different zones revealed 

macro and microvoids, illustrating cavities between layers and porosities within droplets. 

Cantrell et al. (2017) evaluated the anisotropic properties of 3D-printed Polycarbonate (PC) and 

Acrylonitrile Butadiene Styrene (ABS) specimens using various raster and build orientations. 

Villarraga et al. (2015) focused on evaluating Additive Manufacturing (AM) processes 

through Computed Tomography (CT) scanning. AM1 had a printing resolution of approximately 

100μm, which is coarser compared to the 0.5μm resolution of AM2. The research revealed 

varying defect densities within parts manufactured by these processes. The voids ranged mostly 

from 0.002mm³ to 0.2mm³ in size.  This finer resolution of AM2 contributed to the reduced 

occurrence of voids and improved material integrity within the manufactured parts.  

Research in additive manufacturing has addressed the challenge of occluded voids 

through various innovative methodologies. Harzheim and Graf (2006) focused on removing 

occluded voids by strategically eliminating material from the outside. Lu and Chen (2012) 

further developed this by exploring additional search directions to enhance design optimization. 

Eiliat and Urbanic (2018) suggested a method to minimize voids in additive manufacturing 

material extrusion processes through optimized tool path generation. Zhou and Zhang (2019) 

presented a side constraint scheme with void features to improve structural connectivity in 

topology optimization.  

Lee et al. (2019) focused on analyzing the interlayer formation in concrete structures built 

using Additive Manufacturing (AM), specifically 3D printing techniques. Using Computed 

Tomography (CT), the study examined the correlation between porosity and tensile bond 

strength in the interlayers of 13 specimens. The findings revealed that the interlayers had higher 

porosity, and all fractures occurred along the interlayers, though no direct correlation between 

porosity and tensile bond strength was established.  

Gaynor and Johnson (2020) suggested a projection-based topology optimization approach 

to eliminate occluded void geometries in additive manufacturing designs, ensuring all void 

regions have drainage pathways to outer surfaces.  Hernandez-Contreras et al. (2020) investigate 

the relationship between geometric descriptors and mechanical properties in FDM components. 

Suggesting the descriptor μ(α), representing void orientation angle, demonstrates a significant 

relationship between yield strength and Young’s modulus in Fused Deposition Modeling (FDM) 

parts. μ(α) indicates the direction of void growth within the internal structure of components. A 

closer alignment of μ(α) to 0 degrees correlates with enhanced mechanical performance 
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Optimization algorithms have emerged as an efficient tool to solve various engineering 

problems (Behtani et al., 2022; Brahim et al., 2024); Benaissa et al. (2024) focused on applying 

topology optimization techniques to improve void tolerance in structural systems by integrating 

spatial analysis, YUKI algorithm. The suggested approach identifies the worst-case void 

scenarios in different structural shapes, boundary conditions, and sizes.  

Hernandez-Contreras et al. (2020) developed void descriptors in FDM materials using 

global and local classifications. Global descriptors include the Void-to-volume Ratio (VR), while 

local descriptors cover specific void characteristics like size (1D diameter, projected size, area, 

and voxel count) and shape (sphericity and compactness). The CT scans and porosity analysis 

indicate that the void size and orientation varied across samples. Specifically, voids grew in 

different directions depending on the sample’s orientation relative to the applied load axis. To 

quantify these descriptors in samples with different orientations.  In the case of a typical tensile 

test specimen. Their data reveal no significant correlation between void characteristics and 

mechanical performance. However, this observation may not necessarily extend to topologically 

optimized structures, in which substantial voids are strategically introduced at specific locations 

and shapes to achieve weight reduction. Further investigation is required to determine if similar 

correlations hold for these optimized configurations. 

This study aims to simulate voids to assess topology optimization's efficacy and 

investigate the impact of varying void parameters such as number, shape, and void size on 

structural compliance. The paper is structured as follows: the following section presents the 

topology optimization problem based on the SERA method. The third section describes the 

suggested approach to simulating Enclosed Void Generation and investigates the introduction of 

voids within the topology-optimized structure. The Results and Discussion section discusses the 

impact of varying void parameters on stiffness and deformation, providing insights into how 

void saturation and shape influence structural performance. 

2. Topology optimization with SERA algorithm 

The Cantilever beam problem is a standard benchmark in topology optimization studies, 

as illustrated in Figure 1. This study considers a large dimensional case of dimensions of 

2,000mm in length and 1,000mm in width, subjected to a vertical downward force applied at the 

top of its right side. For modeling, we used bilinear structured finite element discretization with 

an element size of 1mm².  

In topology optimization, the primary objective is to identify the optimal material 

distribution within a predefined design domain to minimize structural deformation under 

specified loading conditions while adhering to a volume constraint. This optimization problem is 

typically formulated to reduce the structure’s compliance (or maximize stiffness), ensuring it 

performs efficiently under applied forces. The process involves the manipulation of global 

displacement and force vectors, which represent the system’s response to external loads, and 

using stiffness matrices, which define the relationship between material properties and 

deformation (Brackett et al., 2011).  

The Sequential Element Rejection and Admission (SERA) approach, a method that uses 

discrete density variables (either 0 or 1), is beneficial for ensuring that the resulting stiffness 

matrix remains non-singular during the optimization process (Rozvany & Querin, 2002). To 

avoid issues with singularity and improve numerical stability, SERA incorporates a non-zero 

lower bound on the material density, ensuring that the densities do not become too small and that 

the structure remains effectively defined. 
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For a structural design problem aimed at maximizing stiffness, the topology optimization 

problem can be formulated as follows: 

Minimize    such as   ( )     ∑   
     

 
        (1) 

Figure 1  

Cantilever Beam Problem 

 

Source. The researcher’s data analysis 

Where: 

    is the displacement vector of the e
th

 element, 

    is the stiffness matrix of the e
th

 element, 

 The summation runs over all   elements in the design domain. 

The topology optimization problem is subject to Volume Constraint, Element Density 

Bounds and the Equilibrium Equation. The objective function  ( ) represents the total stiffness 

of the structure, with the goal being to maximize this stiffness through the optimization of the 

material distribution    at each element level. The design variable     is constrained to take 

values between a lower bound,     , and an upper bound of 1, effectively indicating whether 

material is present in the element.  

The total volume of material used in the structure should not exceed a prescribed fraction 

of the available design space: 

 ( )

  
 ∑

    

  
  

              (2) 

Where: 

  ( ) is the total volume of material used in the design (based on the material densities 

   at each element), 

    is the total available volume in the design domain, 

    is the volume of the e
th

 element, 

   is a given fraction that limits the material usage. 

The material density    for each element must lie between a lower bound     , set in this 

study as        
   and an upper bound of 1: 

                       (3) 

This ensures that elements are either filled with material or remain empty and prevents 

the density from becoming arbitrarily small, which could lead to singular stiffness matrices.  
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The equilibrium condition for the structure, given an applied force  , is expressed by the 

linear static equilibrium equation: 

 ( )       (4) 

Where  ( ) is the global stiffness matrix, which depends on the material distribution  , 

and   is the worldwide displacement vector. The forces   are applied to the structure, and the 

displacements   are the unknowns to be solved for in the optimization process. 

The SERA approach iteratively updates the material densities.    for each element. In 

this method, elements are initially assumed to have complete material (  = 1), and during the 

optimization process, elements may be either “rejected” (where the density    is reduced to 0) or 

“admitted” (where    is allowed to remain at 1 or take intermediate values above     ) based on 

their contribution to the structural stiffness. By enforcing a non-zero lower bound on the 

densities, the method ensures that the stiffness matrix  ( ) remains invertible and prevents the 

collapse of the structure into a trivial, singular state. 

The optimization is typically solved using a gradient-based or projection-based method. 

The sensitivities of the objective function and constraints concerning the design variables    are 

computed, and the material distribution is updated iteratively. This process continues until 

convergence is achieved, where the design variables are used.    no longer change significantly, 

and the optimal material layout that satisfies the stiffness maximization objective and constraints 

is obtained. 

3. Enclosed Void simulation 

Introducing damage into a topologically optimized structure conducts spatial analysis 

under geometric constraints. The goal is to identify valid positions within the structure where 

damage, represented by a void region, can be introduced without compromising the integrity of 

the surrounding material. This approach uses a damage radius and margin factor to determine 

potential locations, ensuring the damage is appropriately sized and positioned within the 

structural body. The damage is modeled as an elliptical void, and its placement is governed by 

several factors, including the damage’s size and orientation (Benaissa et al., 2023). 

The damage region is represented by an elliptical shape with a semi-major axis   and 

semi-minor axis  , where the size of the damage is defined by the ratio.  
 

 
  and its total area. The damage is introduced to the structure by creating a binary mask that 

identifies the void area. This mask is used to update the structural shape matrix, replacing the 

corresponding elements with void values and effectively removing material from the structure 

in that region. The following general form of the void region describes the damage.     in 

Cartesian coordinates: 

  

  
 
  

  
          (5) 

Where   and   are the coordinates of the points within the damaged region, and   and   

are the semi-major and semi-minor axes of the elliptical void, respectively. To ensure the 

damage is positioned correctly, the following constraints are applied. The center of the damage 

must lie within the material regions of the structure. The conditions enforce this: 

 (   )     (6) 
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Where  (   ) represents the material density at each point (   ) in the design space, and 

    corresponds to an excellent region of the structure. 

The margin factor    is introduced to account for a slight overlap between the edge of the 

void and the material boundary. This allows the interaction between the damaged region and the 

material edge to be set. The user can enable the damage to overlap or exceed the material edge or 

set up a simulation where all damages are internal, which is considered in this study (Benaissa et 

al., 2023). The margin can be mathematically expressed as: 

|
  

  
|    and |

  

  
|    (7) 

Figure 2 

Illustration of Void Aspect Ratio Variations with Exaggerated Void Sizes 

   

 Source. The researcher’s data analysis 

The maximum number of valid void positions depends on the available material area, the 

void size, and the margin enforced to avoid overlap. The number of valid damage positions is 

calculated by discretizing the structural domain and counting the elliptical voids, considering the 

margin.  To calculate this, we first define the available material area.          , which is the total 

area of the structure that contains material (   ). Next, define the location of a single damaged 

region,      , which is the area of the elliptical void defined by the semi-major axis   and semi-

minor axis  . Taking into account the margin, set as a percent of the total damage area. 

              (   )                     (8) 

The maximum number of void positions      can be calculated by dividing the material 

area by the area of a single void region:  

     |
         

     
|                           (9) 

This calculation helps assess the impact of voids on overall structural performance, 

simulating voids that may occur during the additive manufacturing process. The number of voids 

is determined based on the quality of the manufacturing technique relative to the maximum 

possible number of voids. In this study, we consider different levels of void quantity. Figure 2 

and Figure 3 illustrate the variation of void aspect ratio and size and quantity, respectively. This 

study sets the size as a ratio between the void size and the structure volume. 

To evaluate the structural response to the introduced voids, FEA is performed to compute 

the stiffness matrix  (  ) and displacement vector   of the structure with the applied voids 

under specific boundary conditions. The structural compliance is calculated as: 

 (  )   
  (  )                          (10) 
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Figure 3 

Illustration of the Case of Void Sizes Examined in this Study 

 

Source. The researcher’s data analysis 

Where  (  ) is the stiffness matrix modified by the voids, and   is the displacement 

vector that results from the applied load. 

4. Results and discussions 

This study investigates the impact of varying void parameters, such as number, shape, 

and void size, on structural compliance in topologically optimized structures. The experiment 

tests the compliance of materials with varying Aspect Ratios (AR) and Void Saturations (VS) at 

different void sizes.  

Figure 4 

Compliance Response Surface for Varying Aspect Ratios and Void Saturations at a Void Size of 0.001 

 
Source. Data analysis result of the research 

Figure 5 

Compliance Response Surface for Varying Aspect Ratios and Void Saturations at a Void Size of 0.0005 

 

Source. Data analysis result of the research 
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Figure 6 

Compliance Response Surface for Varying Aspect Ratios and Void Saturations at a Void Size of 0.0001 

 

Source. Data analysis result of the research 

Figure 7 

Compliance Response Surface for Varying Aspect Ratios and Void Saturations at a Void Size of 0.00005 

 

Source. Data analysis result of the research 

The aspect ratios range from 0.1 (sharp elliptical voids) to 1 (circular voids). In contrast, 

void saturations vary from 1% to 100%, representing the number of existing voids in the 

structure compared to the maximum number of possible voids according to the selected 

parameters of void size, structure size, and the margin of overlap. The void volume ratio defines 

void size compared to total structural volume; the considered cases include the four ratios: 0.001, 

0.0001, 0.0005, and 0.00005.  

Compliance values (N·m) for each combination are shown in four figures. Each figure 

presents a compliance response surface for varying aspect ratios and void saturations at void 

sizes of 0.001, 0.0005, 0.0001, and 0.00005. defined as the ratio between void volume and 

structural volume. These figures illustrate how the material’s compliance changes with these 

void parameters. 

4.1. Influence of enclosed void saturation 

Void saturation, representing the percentage of voids in the structure, directly correlates 

with compliance: At low void saturations (1% to 5%), compliance values are relatively low and 

stable across different void sizes and aspect ratios. This indicates that small amounts of voids 

have minimal impact on structural rigidity and deformation. The material retains most of its 

original stiffness, showing minimal changes in compliance. 
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Compliance shows more variability as void saturation increases (10% to 30%). Medium 

levels of void saturation lead to moderate increases in compliance, particularly noticeable in 

structures with medium to large void sizes. This suggests that as voids become more prevalent, 

the material’s stiffness decreases, leading to increased deformation. 

High void saturations (50% to 100%) have the highest compliance values. Structures with 

a high percentage of voids exhibit significant increases in deformation under load. This effect is 

pronounced in materials with larger void sizes and higher aspect ratios. High void saturation 

dramatically reduces structural integrity, making the material much more compliant and prone to 

bending or collapsing under applied stresses. 

4.2. Influence of enclosed void shape 

The study analyzes the impact of void shape, indicated by Aspect Ratio (AR), on the 

compliance of topologically optimized structures across various void size ratios. The aspect 

ratios range from 0.1 (sharp elliptical voids) to 1 (circular voids), highlighting the influence of 

void shape on material performance.  

At large Void Size, the compliance values remain relatively stable across aspect ratios at 

small Void Saturations (0.01 - 0.05) with minimal differences. However, Compliance increases 

across all aspect ratios at High Void Saturations (0.1 - 1), with circular voids exhibiting slightly 

higher compliance values than elliptical voids. 

At Medium Void Size: 0.0001 - 0.0005, the compliance is nearly uniform across different 

aspect ratios, showing negligible impact of void shape. Compliance increases noticeably, with 

circular voids showing higher compliance values, indicating a more significant effect of void 

shape at higher saturations. 

Figure 8 

Compliance Response Surface for Varying Enclosed Void Shape 

 

Source. Data analysis result of the research 
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At a small Void Size of 0.00005, Compliance values are relatively similar across 

different aspect ratios. However, at High Void Saturations (0.1 - 1), the compliance values 

increase, with circular voids consistently showing higher compliance than elliptical voids, 

reinforcing the pattern observed in other void size ratios. 

Across all void size ratios, the study demonstrates that compliance values are relatively 

stable at low void saturations but increase at higher saturations, generally exhibiting higher 

compliance with elliptical voids, except for sizeable void case, where the circular void has the 

same effect, possibly due to significant collective void volume, highlighting the moderate impact 

of void shape on structural compliance. The following figure provides a comparison of how 

varying void sizes and aspect ratios influence structural compliance. 

5. Conclusions 

The studies on the influence of void characteristics on the mechanical performance of 

topology-optimized structures in additive manufacturing reveal essential insights into the 

relationship between void saturation, size, shape, and structural compliance. The observations 

suggest increased void saturation generally leads to greater compliance, particularly when 

saturation exceeds 50%. Furthermore, void size and shape are critical factors, with circular voids 

showing higher compliance than elliptical voids at higher saturations. The findings suggest that 

void shape has a minimal effect at smaller and medium void sizes but becomes more significant 

at higher and smaller ones. These results underscore the importance of considering void 

parameters in optimizing the mechanical performance of additively manufactured components. 
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