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ABSTRACT 
This article presents three methods of structural optimization for a rectangular sample under tensile load to 

minimize von Mises stress as an objective function. In the first method, namely the position-finding method, the 

initial volume is reduced by cut-extrusion of some circular holes with a uniform volume gradient along the 

length of the sample. In this method, the position of each hole is manipulated by using a genetic algorithm (GA) 

to achieve the minimum von Mises stress versus a specific tensile load. In the second method, namely geometry 

optimization method, several circular holes with different diameters are cut-extruded with monotonically 

decreasing volume gradient along the length of the sample to create a volume fraction at the beginning of 

optimization. As an alternative approach to the first method, an algorithm is seeded to alter the diameters of 

holes on the sample to minimize the same objective function i.e., von Mises stress. In the third method, namely 

integrated position and geometry optimization approach, severalsquare holes are cut-extruded along the length 

of the sample with a uniform volume gradient. Then, by using a GA, the position of each square along the width 

of the sample is manipulated together with their dimensions to minimize the same objective function of former 

methods versus the same applied load. Finally, the structural resultsof each sample in addition to the generated 

support structures, as one of the basic elements of some additive manufacturing (AM) processes,are compared 

with the software-based topologically-optimized sample with equivalent volume fraction. 

Keywords: Structural Optimization; Topology Optimization; Additive Manufacturing (AM); Support 

Structures;  
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I. INTRODUCTION 
In the last decades, several methods have 

been presented for solving the structural 

optimization problem of structures and mechanical 

systems [1-4]. These approaches have specifically 

used different optimization algorithms, either 

heuristic or metaheuristic, to generally find the 

optimum configuration, shape, and size of the 

structures and components. In this field of research, 

some examples such as a node-shifting method for 

improvement of the stiffness of spatial structures 

[5], multi-objective metaheuristic optimization for 

design improvement of a twist drill [6], two-phase 

GA and evolutionary computing for geometry 

optimization of a roof structure [7] can be 

enumerated. 

Among the different methods of structural 

optimization, topology optimization has recently 

attracted much interest across research teams and 

industry sectors thank the emergence of additive 

manufacturing (AM) technologies [8]. Currently, 

AM excels for the creation of several products, 

which cannot be easily built by conventional 

manufacturing methods [9, 10]. Knowing the unique 
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capability of AM i.e., building the parts with 

complex geometry inspires engineers from different 

fields to use topology optimization technique, which 

is one of the main sources of complexities in the 

design of components [11]. In the literature, a wide 

range of applications of topology optimization are 

observed such as fiber orientation of composites by 

using topology optimization [12, 13], multi-material 

[14] and multi-scale topology optimization [15], 

topology optimization for heat transfer enhancement 

[16-19], topology optimization for sound absorbing 

application [20] and topology optimization of 

piezoelectric-based energy harvester [21]. 

However, the applications of topology 

optimization are not necessarily confined to those 

mentioned above and the wider applications can be 

found in the field of AM technologies. Basically, 

topology optimization is often used to reduce 

material usage; and therefore, manufacturing time 

and cost in AM [22]. Alternatively, in different 

framework, topology optimization was used to 

design support structure for laser powder bed fusion 

as one of the processes of metal AM to prevent 

residual stress-induced build failure during the 

process [23]. Some AM processes like fusion 

deposition modeling (FDM) induce anisotropic 

behavior in the printed objects, meanwhile along 

different build orientations, the printed part will 

exhibit different mechanical properties that have 

sometimes negative effects on the functionality of 

the part. To mitigate the effect of anisotropicity, 

strength-based topology optimization was presented 

[24] as a new methodology. By using topology 

optimization, a multifunctional part was designed 

and optimized such that both structural and system 

requirements were considered [25]. In this line of 

research, a design process was presented for 

compliance-based minimization of topologically-

optimized lattice structure [26]. Also, topology 

optimization was used as a method of generating a 

self-supporting structure of AM processes to reduce 

the post-processing cost and time to remove the 

excessive generated support structure [27]. The 

enclosed voids in the design of the printed parts in 

metal AM were avoided by using topology 

optimization in the powder bed fusion process to 

remove and reuse unmelted metal powder [28]. In 

this context, the concept of multi-component 

topology optimization for powder bed AM was 

proposed mainly to eliminate enclosed voids during 

the process [29]. For the first time, topology 

optimization of steel 3d printed structure was 

proposed for connecting nodesin space frames by 

Ren and Galjaard [30]. In thermofluid applications, 

the thermo-fluid topology optimization in the design 

of conformal cooling channels and injection 

molding was considered [31]. In another research, 

the topology optimization approach was used as an 

algorithm for finding the distribution of hard and 

soft polymers in a rectangular sample under 

different tensile load scenarios for printing in a 

multi-material voxel 3d printer [32]. 

Despitewide applications of topology 

optimization mentioned above, there are still some 

manufacturing limitations that restrict the use of this 

technique by engineers and researchers. As 

discussed earlier, a topologically-optimized part can 

mostly be built by using AM processes, which are 

neither yet accessible anywhere nor 

economical.Furthermore, in some cases, a 

topologically-optimized part needs to be rationalized 

[11, 33] to be easily printable by 3d printers and also 

consumes less time and cost for post-processing 

subtractive operation, particularly in the metal 

printing process. Understanding these issues, this 

paper aims to propose quasi-topology optimization 

methods by which an optimization algorithm is 

seeded on a simple configuration i.e., a rectangular 

sample that has an identical volume fraction of the 

equivalent topologically-optimized sample. These 

methodsenable engineers and researchers to 

implement and generalize it on the parts and 

components that have simple or moderately simple 

configurations, regardless of inaccessibility to AM 

processes, meanwhile, it can be even realized by 

conventional manufacturing methods [22].The 

authors will also show that the proposed 

optimization methods in this study will offer 

betterperformance over the topology optimization 

method in terms of the generated support structures 

as one of the basic elements of some AM processes. 

This paper is organized into four sections. 

In Section 2, the initial configuration of three 

samples, respectively for three optimization 

methods, are sketched and a finite element analysis 

(FEA) will be performed on them as pre-

optimization analysis. In Section 3, the three 

optimization methods will be discussed and 

compared with equivalent software-based topology 

optimization in detail. Finally, the conclusion of the 

paper will be discussed in Section 4. 

 

II. INITIAL SKETCHING AND PRE-

OPTIMIZATION ANALYSIS OF 

RECTANGULAR SAMPLES 
This section describes the sketching 

procedure of the three samples which will be used 

for three methods of structural optimization, namely 

position-finding method, Geometry Optimization 

method, and integrated position and geometry 

optimization approach. These methods will be 

discussed in Section 3.  
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2.1. Sample Sketching for Position-Finding 

Method 

For this purpose, we use the SolidWorks 

environment to sketch simply a rectangular sample. 

Firstly, a rectangle witha 110mm overall length and 

25mm width is sketched and extruded to create 

4mm thickness. This sample is partitioned into three 

subsections in which the first 25mm of the sample’s 

length is chosen as grip section or boundary 

condition of the fixed support, the middle part with 

60mm length is chosen as a target area in which the 

18 circular holes with equal diameters are cut-

extruded and the last 25mm of sample’s length is 

chosen as load section to apply the external tensile 

load on it. The middle section or target area is the 

main part of the sample in which the structural 

optimization is performed. This section, which in 

turn, is divided into six equal subsections (columns) 

with 10mm length. Inside each subsection, three 

circles are cut-extruded with diameters of 5mm 

along the sample’s width, which formsa totallyof 18 

circular holes. This number is purposefully pre-

determined to create the desired volume fraction i.e., 

24% in the target area. Figure 1 shows the different 

partitions of the rectangular sample with their 

dimensions. In this sketch, the volume gradient 

along the length of the sample will remain constant, 

as the diameters of all circular holes are identical 

and structural optimization algorithm will not make 

any change on the diameters of the holes, but only 

change their initial positions. 

 

 
Figure 1. Rectangular Sample for the Position-Finding Method 

 

To perform the pre-optimization FE 

analysisof the sample, HP 3D High Reusability PA 

12 material was assigned to the sample, which is 

used in the form of powder in HP 3d printers. The 

main properties of the material areshown in Table 1. 

 

Table 1. Mechanical Properties of HP 3D High Reusability PA 12 

Mechanical Properties Quantity 

Young’s Modulus 

Yield Strength 

Tensile Strength 

Poisson’s Ratio 

Density 
 

1700 MPa 

48 MPa 

48 MPa 

0.35 

1010 kg/m
3
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Figure 2. Boundary Condition and Applied Displacement 

 

After material selection, the first 25mm of 

the sample’s length (grip section) is chosen as fixed 

boundary condition with zero displacements and 

rotation and the last 25mm of the sample’s length 

(load section) is chosen as an area for applying the 

displacement input of 0.2mm along the length of the 

sample as tensile load, which is shown in Figure 2. 

Figures 3a and 3b show the results of static analysis 

of the sample before optimization at COMSOL 

software asan FEA tool. The maximum von Mises 

stress and the maximum total displacement are 15.5 

MPa and 0.2 mm, respectively. 

 

 
a) 

 

 
b) 

Figure 3. Results of Static Analysis, a) von Mises Stress: 15.5 MPa, b) Displacement: 0.2mm 
 

2.2. Sample Sketching for Geometry 

Optimization Method 

In this section, we use the SolidWorks 

environment to sketch simply a rectangular sample 

similar to the former method. Repeatedly, at first, a 

rectangle with 110mm overall length and 25mm 

width is sketched and extruded to create 4mm 

thickness. This sample is partitioned into three 

subsections in which the first 25mm of the sample’s 

length is chosen as grip section or boundary 

condition of the fixed support, the middle part with 

60mm length is chosen as a target area in which the 
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18 circular holes with different diameters are cut-

extruded and the last 25mm of sample’s length is 

chosen as load section to apply the external tensile 

load on it. The middle section or target area is the 

main part of the sample in which the structural 

optimization is performed. This section, which in 

turn, is divided into six equal subsections (columns) 

with 10mm length. Inside each subsection, three 

circles are cut-extruded with diameters of 5mm, 

4mm, 3mm, 2mm, 1mm, and 0.8mm along the 

sample’s width, subsequently. Figure 4 shows the 

different partitions of the rectangular sample with 

their dimensions. In this sketch, the volume gradient 

along the length of the sample will decrease 

uniformly, as the diameters of all circular holes are 

varying along the length ofthe target area. In this 

method, the structural optimization algorithm will 

make a change on the initial volume fraction of 

target area, since the diameters of holes vary during 

the optimization process. The final obtained volume 

fraction after the optimization process will be 

considered to compare with the equivalent 

topologically-optimized sample. 

 

 
Figure 4. Rectangular Sample for the Geometry Optimization Method 

 

Similarly, to perform the pre-optimization 

FE analysis of the sample, HP 3D High Reusability 

PA 12 material was assigned to the sample, which is 

used in the form of powder in HP 3d printers. The 

main properties of the material are shown in Table 1. 

 

 
Figure 5. Boundary Condition and Applied Displacement 
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After material selection, the first 25mm of 

the sample’s length (grip section) is chosen as fixed 

boundary condition with zero displacements and 

rotation and the last 25mm of the sample’s length 

(load section) is chosen as an area for applying the 

displacement input of 0.2mm along the length of the 

sample as tensile load, which is shown in Figure 5. 

Figures 6a and 6b show the results of static analysis 

of the sample before optimization at COMSOL 

software as an FEA tool. The maximum von Mises 

stress and the maximum total displacement are 22.8 

MPa and 0.2 mm, respectively. 

 

 
a) 

 
b) 

Figure 6. Results of Static Analysis, a) von Mises Stress: 22.8 MPa, b) Displacement: 0.2mm 
 

2.3. Sample Sketching for Integrated Position and 

Geometry Optimization Approach 

In this section, we use the SolidWorks 

environment to sketch simply a rectangular sample 

similar to former methods. Similarly, at first, a 

rectangle witha 110mm overall length and 25mm 

width is sketched and extruded to create 4mm 

thickness. This sample is partitioned into three 

subsections in which the first 25mm of the sample’s 

length is chosen as grip section or boundary 

condition of the fixed support, the middle part with 

60mm length is chosen as a target area in which the 

6squareslots with equal dimensions are cut-extruded 

and the last 25mm of sample’s length is chosen as 

load section to apply the external tensile load on it. 

The middle section or target area is the main part of 

the sample in which the structural optimization is 

performed. This section, which in turn, is divided 

into six equal subsections (columns) with 10mm 

length. Inside each subsection, one squareis cut-

extruded with dimensions of 5mm*5mm. Figure 7 

shows the different partitions of the rectangular 

sample with their dimensions. In this sketch, the 

volume gradient along the length of the sample will 

be constant at the beginning of the optimization 

process, but as the dimensions of all square slots are 

varying during the optimization process, the volume 

fraction will change, respectively. The final obtained 

volume fraction after the optimization process will 

be considered to compare with the equivalent 

topologically-optimized sample. 
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Figure 7. Rectangular Sample for Integrated Position and Geometry Optimization Approach 

 

To perform the pre-optimization FE analysis of the 

sample, HP 3D High Reusability PA 12 material was 

assigned to the sample, which is used in the form of 

powder in HP 3d printers. The main properties of the 

material are shown in Table 1. 

 

 
Figure 8. Boundary Condition and Applied Displacement 

 

After material selection, the first 25mm of 

the sample’s length (grip section) is chosen as fixed 

boundary condition with zero displacements and 

rotation and the last 25mm of the sample’s length 

(load section) is chosen as an area for applying the 

displacement input of 0.2mm along the length of a 

sample as tensile load, which is shown in Figure 8. 

Figures 9a and 9b show the results of static analysis 

of the sample before optimization at COMSOL 

software as an FEA tool. The maximum von Mises 

stress and the maximum total displacement are 12 

MPa and 0.2 mm, respectively. 
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a) 

 
b) 

Figure 9. Results of Static Analysis, a) von Mises Stress: 12 MPa, b) Displacement: 0.2mm 

 

III. STRUCTURAL OPTIMIZATION 

METHODS AND COMPARISON 

WITH TOPOLOGY OPTIMIZATION 
This section is devoted to describing the 

three optimization methods, namely the position-

finding method, geometry optimization method, and 

integrated position and geometry optimization 

approach. The design method is implemented 

through interlink among three software: 

SolidWorks, MATLAB, and COMSOL. As 

workflow shows in Figure 10, initial sketching is 

performed in SolidWorks that was discussed 

comprehensively in Section 2, then transitions to 

COMSOL for FEAand MATLAB for optimization 

as shown in Figure 10. 

 

3.1. Structural Optimization using Position-

Finding Method 

In this method, first of all, the parameters 

of optimization have to be determined. As the name 

of the method suggests, the longitudinal position of 

each circular hole is chosen as the parameters for the 

optimization process. The initial position of each 

hole is set to be in the middle of each subsection of 

the target area i.e., 5mm from datum lines as shown 

in Figure 11. 

 

 
Figure 10. Interlink Triangle between Three Software [34] 



Vahid Hassani, et. al. International Journal of Engineering Research and Applications 

www.ijera.com  

ISSN: 2248-9622, Vol. 11, Issue 2, (Series-VI) February 2021, pp. 37-58 

 

 
www.ijera.com                                 DOI: 10.9790/9622-110206375845|P a g e  

 

 

 

 

 
Figure 11. Initial Position of each Circular Hole from Datum line 

 

These holes are allowed to travel 3mm to 

right and left sides of hole centers, meanwhile, the 

lower bound of parameters are chosen 2mm and the 

upper bounds are chosen 8mm concerning datum 

lines. Arrows in Figure 12 show the longitudinal 

travel in the desired range from left to right and vice 

versa. 

 

 
Figure 12. Longitudinal Travel of each Hole Centre between Lower and Upper Bounds 

 

After the determination of the design parameters, 

the structural optimization problem can be defined 

as the optimization of a real objective function f, 

which depends on the hole parameters and is 

subjected to some constraints. After the above 

discussion, the minimization problem is defined as: 

Min             f(x) 

Subject to   gj(x) ≤ 0, j=1,m (1) 

   0, 1,kh x k l  

, 1,l u

i i ix x x i n    

where 1[ ,..., ]nx x x is the vector of design 

parameters, ( )f x is the objective function, ( )jg x

are the inequality constraint, ( )kh x  are the equality 

constraints and 
l

ix and 
u

ix are lower and upper 

bounds of the i
th

 design variable respectively.  

 

In this research, we select the maximum von Mises 

stress as the objective function. To specialize 

equation (1) to the current structural optimization 

problem, the general form of the equation is 

rewritten by the following functions shown in Table 

2. 

 

Table 2. Formulation of Optimization Problem for Position-Finding Method 

 

Given        Material,Boundary Conditions (B.C), Loads 

 

Find Xi: The i
th

  distance betweendatum linesand i
th

hole center point. 

 

Satisfy      Xi
l
 ≤ Xi ≤ Xi

u
 : Lower and upper bounds of parameters. 

 

Minimize   Max σvon_Mises : Maximum von Mises Stress 
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Given the boundary conditions, B.C, loads 

shown in Figure 2 and Material information given in 

Table 1, the distances between datum lines and hole 

center points, Xi, will be optimized within the 

structural optimization process. The static 

characteristics of the sample such as maximum von 

Mises stress, maximum total displacement, etc. are 

measured using a finite element analysis (FEA). The 

initial values, Xi
’
s are set midst of each subsection at 

the target area, an analysis is performed using the 

COMSOL software as an FEA tool. The same 

displacement input is applied to the sample as 

shown in Figure 2. In this analysis, a mesh is built 

for the sample at each iteration using the “fine” 

setting. Linear tetrahedral elements were used 

uniformly with an average element quality of 0.8 

and minimum element quality of 0.1 for the sample 

at the beginning of the optimization process. The 

sample under analysis is a single solid part that is 

simulated in the elastic range, meanwhile, there is 

no large deformation occurring through the analysis. 

Asa result, the optimization module in COMSOL 

software will adaptively update the coordinates and 

orientation of meshes during the optimization 

process depending on the new configuration of the 

holes at every iteration. 

From the results of the pre-optimization 

analysis and static characteristics of the sample 

shown in Figure 3, the optimization process was 

pursued until the smaller von Mises was obtained 

compared to the initial configuration of the sample. 

The final optimized structure is illustrated in Figure 

13 and the results of the optimization process are 

shown in figures 14a and 14b. The updated values 

are compared in Table 3 for the positions of hole 

centers before and after the optimization 

process.The maximum von Mises stress and the 

maximum total displacement are 14.5 MPa and 0.2 

mm, respectively. 

 

 
Figure 13. New Positions of Hole Centers after Optimization Process 

 

 
a) 
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b) 

Figure 14. Results of Static Analysis after Optimization Process, a) von Mises Stress: 14.5 MPa, b) 

Displacement: 0.2mm 
 

The optimization process was performed using a 

genetic algorithm in MATLAB optimization toolbox 

with the settings as, the population size of 200, 

Tournament selection method, single-point 

crossover with a rate of 0.8, adaptive feasible 

mutation with a rate of 0.01 and 500 iterations. 

 

Table 3. Comparison between Positions of Hole Centers before and after Optimization Process 

Column Numbers 

from Left to Right 

of Target Area 

 

Column 

1 

Column 

2 

Column 

3 

 

Column 

4 

Column 

5 

 

Column 

6 

 

Before     

Optimization 

5mm 

5mm 

5mm 

 

5mm 

5mm 

5mm 

5mm 

5mm 

5mm 

5mm 

5mm 

5mm 

5mm 

5mm 

5mm 

5mm 

5mm 

5mm 

After 

Optimization 

5.9mm 

  5.8mm 

  5.3mm 

 5.5mm 

  4.2mm 

  5.1mm 

 7.1mm 

        4.7mm 

        5.9mm 

 4.4mm 

   5.0mm 

   4.9mm 

4.5mm 

     4.8mm 

     5.5mm 

 4.8mm 

          5.7mm 

          4.8mm  

 

It appears the improvement of the structural 

characteristics of the sample after the optimization 

process. The maximum von Mises stress has a 

decrease of almost 7% and the safety factor has an 

increase of 7% that ensures the higher safety margin 

for the sample. 

To compare the different optimization 

methods, one software-based topology optimization 

was performed under the same boundary condition 

and displacement input shown in Figure 2. The 

volume fraction of 24% was chosen as a constraint 

of the problem, which is equal to the volume fraction 

of the position-finding method. As illustrated in 

Figure 15, the maximum value obtained for the 

maximum von Mises stress is 15.3 MPa that is 

slightly higher than the value obtained after 

optimization by the position-finding method. 

 
Figure 15. Result of Topology Optimization, von Mises Stress: 15.3 MPa 
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The final configuration of the sample after topology optimization is also shown in Figure 16. 

 
Figure 16. Final Configuration of the Sample after Topology Optimization with 24% Volume Fraction as 

Constraint 

 

3.2. Structural Optimization using Geometry 

Optimization Method 

In this method, the diameters of the circular 

holes are chosen as the parameters of structural 

optimization. The diameters of the circular holes are 

allowed to vary between 1mm and 7mm, meanwhile, 

the lower bound of parameters are chosen 1mm and 

the upper bounds are chosen 7mm. Similarly, the 

maximum von Mises stress of the sample is selected 

as the objective function. To specialize equation (1) 

to the current structural optimization problem, the 

general form of the equation is rewritten by the 

following functions shown in Table 4. 

 

Table 4. Formulation of Optimization Problem for Geometry Optimization Method 

 

Given        Material, Boundary Conditions (B.C), Loads 

 

Find Xi: The i
th

diameter of the circular holes 

 

Satisfy      Xi
l
 ≤ Xi ≤ Xi

u
 : Lower and upper bounds of parameters. 

 

Minimize   Max σvon_Mises : Maximum von Mises Stress 

 

Given the boundary conditions, B.C, loads 

shown in Figure 5 and Material information given in 

Table 1, the diameters of the circular holes, Xi, will 

be optimized within the structural optimization 

process. The static characteristics of the sample such 

as maximum von Mises stress, maximum total 

displacement, etc. are measured using a finite 

element analysis (FEA). The initial values, Xi
’
s are 

set, as shown in Figure 4, an analysis is performed 

using the COMSOL software as an FEA tool. The 

same displacement input is applied to the sample as 

shown in Figure 5. In this analysis, a mesh is built 

for the sample at each iteration using the “fine” 

setting. Linear tetrahedral elements were used 

uniformly with an average element quality of 0.9 

and minimum element quality of 0.06 for the sample 

at the beginning of the optimization process. The 

sample under analysis is a single solid part that is 

simulated in the elastic range, meanwhile, there is 

no large deformation occurring through the analysis. 

Asa result, the optimization module in COMSOL 

software will adaptively update the coordinates and 

orientation of meshes during the optimization 

process depending on the new configuration of the 

holes at every iteration. 

From the results of the pre-optimization 

analysis and static characteristics of the sample 

shown in Figure 6, the optimization process was 

pursued until the smaller von Mises was obtained 

compared to the initial configuration of the sample. 

The final optimized structure is illustrated in Figure 

17 and the results of the optimization process are 
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shown in figures 18a and 18b. The updated values 

are compared in Table 5 for the diameters of holes 

before and after the optimization process. The 

maximum von Mises stress and the maximum total 

displacement are 20 MPa and 0.2 mm, respectively. 

 

 
Figure 17. New Diameters of the Circular Holes after Optimization Process 

 

 
a) 

 

 
b) 

Figure 18. Results of Static Analysis after Optimization Process, a) von Mises Stress: 20 MPa, b) 

Displacement: 0.2mm 
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With the same settings of optimization toolbox in MATLAB, discussed in Section 3.1, the optimization process 

was performed. 

 

Table 5. Comparison between Diameters of Circular Holes before and after Optimization Process 

Column Numbers 

from Left to Right 

of Target Area 

Column 

1 

Column 

2 

Column 

3 

 

Column 

4 

Column 

5 

 

Column 

6 

 

Before     

Optimization 

  5mm 

  5mm 

  5mm 

 

  4mm 

  4mm 

  4mm 

        3mm 

        3mm 

        3mm 

   2mm 

   2mm 

   2mm 

     1mm 

     1mm 

     1mm 

          0.8mm 

          0.8mm 

          0.8mm 

After 

Optimization 

  4.8mm 

  1.0mm 

  4.8mm 

  4.6mm 

  6.2mm 

  4.4mm 

        3.2mm 

        1.0mm 

        2.8mm 

   2.4mm 

   2.0mm 

   2.6mm 

     1.6mm 

     1.2mm 

     1.8mm 

          1.2mm 

          1.0mm 

          1.2mm  

 

It appears the improvement of the structural 

characteristics of the sample after the optimization 

process.The maximum von Mises stress has a 

decrease of almost 12.3% and the safety factor has 

an increase of 14.2% that ensures the higher safety 

margin for the sample. 

To compare the different optimization 

methods, one software-based topology optimization 

was performed under the same boundary condition 

and displacement input shown in Figure 5. The 

volume fraction of 10% was chosen as a constraint 

of the problem, which is equal to the volume 

fraction of the sample after the geometry 

optimization method. As illustrated in Figure 19, the 

maximum value obtained for the maximum von 

Mises stress is 16.6 MPa that is lower than the value 

obtained after optimization by geometry 

optimization method. 

 

 
Figure 19. Result of Topology Optimization, von Mises Stress: 16.6 MPa 

The final configuration of the sample after topology optimization is also shown in Figure 20. 

 
Figure 20. Final Configuration of the Sample after Topology Optimization with 10% Volume Fraction as 

Constraint 
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3.3. Structural Optimization by Integrated 

Position and Geometry Optimization Approach 

In this method, two sets of parameters were 

determined for the structural optimization process. 

One set includes the distance from the lower edge of 

the sample to the lower edges of squares as shown in 

Figure 21 and the other set includes the dimensions 

of the six squares, length, and width as shown in 

Figure 7.  

 

 
Figure 21. The Distance from the Lower Edges of the Sample and the Lower Edges of Squares 

 

The initial values of parameters for the first 

set are chosen 10mm, which locates the center of 

each square in the centerline of the sample, and for 

the second set are chosen 5mm*5mm to form six 

squares with identical dimensions. The lower and 

upper bounds of the first set are chosen between 

2mm from the lower edge of the sample and 16mm 

from the same edge. For the second set of 

parameters, the lower bound is chosen 3mm and the 

upper bound is chosen 7mm, respectively. 

Given the boundary conditions, B.C, loads 

shown in Figure 8, and Material information given 

in Table 1, the distances from the lower edge of the 

sample to the lower edges of the squares and the 

dimensions of the square, Xi, will be optimized 

within the structural optimization process. The static 

characteristics of the sample such as maximum von 

Mises stress, maximum total displacement, etc. are 

measured using a finite element analysis (FEA). The 

initial values, Xi
’
s are setmidst ofthetarget area, an 

analysis is performed using the COMSOL software 

as an FEA tool. The same displacement input is 

applied to the sample as shown in Figure 8. In this 

analysis, a mesh is built for the sample at each 

iteration using the “fine” setting.  Linear tetrahedral 

elements were used uniformly with an average 

element quality of 0.85 and minimum element 

quality of 0.08 for the sample at the beginning of the 

optimization process. The sample under analysis is a 

single solid part that is simulated in the elastic 

range, meanwhile, there is no large deformation 

occurring through the analysis. Asa result, the 

optimization module in COMSOL software will 

adaptively update the coordinates and orientation of 

meshes during the optimization process depending 

on the new configuration of square slots at every 

iteration. 

From the results of the pre-optimization 

analysis and static characteristics of the sample 

shown in Figure 9, the optimization process was 

pursued until the smaller von Mises was obtained 

compared to the initial configuration of the sample. 

The final optimized structure is illustrated in 

figures22a, 22b, and 22c, and the results of the 

optimization process are shown in figures 23a and 

23b. The updated values are compared in Table 6 

for the positions and dimensions of square slots, 

before and after the optimization process. The 

maximum von Mises stress and the maximum total 

displacement are 8.5 MPa and 0.2 mm, respectively. 

 

 
a) 
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b) 

 

 
c) 

Figure 22. The Resulting Optimized Structure, a) New Positions of Rectangles Relative to the Centerline 

of the Sample, b) New Positions from the Lower Edge of the Sample, c) New Dimensions of Rectangles 
 

 
a) 



Vahid Hassani, et. al. International Journal of Engineering Research and Applications 

www.ijera.com  

ISSN: 2248-9622, Vol. 11, Issue 2, (Series-VI) February 2021, pp. 37-58 

 

 
www.ijera.com                                 DOI: 10.9790/9622-110206375853|P a g e  

 

 

 

 

 
b) 

Figure 23. Results of Static Analysis after Optimization Process, a) von Mises Stress: 8.5 MPa, b) 

Displacement: 0.2mm 
 

With the same settings of optimization toolbox in MATLAB, discussed in Section 3.1, the optimization process 

was performed. 

 

Table 6. Comparison between Parameters before and after Optimization Process 

Column 

Numbers from 

Left to Right 

of Target Area 

 

Column 

1 

Distance 

Length 

Width 

Column 

2 

Distance 

Length 

Width 

Column 

3 

Distance 

Length 

Width 

 

Column 

4 

Distance 

Length 

Width 

Column 

5 

Distance 

Length 

Width 

 

Column 

6 

Distance 

Length 

Width 

 

 

Before     

Optimization 

           

10.0mm 

  5mm 

  5mm 

 

 

10.0mm 

  5mm 

  5mm 

 

        10.0mm 

        5mm 

        5mm 

10.0mm 

   5mm 

   5mm 

 

10.0mm 

     5mm 

     5mm 

 

         10.0mm 

          5mm 

          5mm 

 

After 

Optimization 

  

10.57mm 

  4.5mm 

  5.0mm 

  

10.45mm 

  5.5mm 

  4.88mm 

 

        10.49mm 

        5mm 

        4.5mm 

     

10.35mm 

   5.5mm 

   4.5mm 

          

10.57mm               

     4.5mm 

     4.5mm 

 

          

10.24mm 

          4.5mm 

4.5mm  

 

 

It appears the improvement of the structural 

characteristics of the sample after the optimization 

process. The maximum Von-Mises stress has a 

decrease of almost 30% and the safety factor has an 

increase of 41% that ensures the higher safety 

margin for the sample. 

To compare the different optimization 

methods, one software-based topology optimization 

was performed under the same boundary condition 

and displacement input shown in Figure 8. The 

volume fraction of 10% was chosen as a constraint 

of the problem, which is equal to the volume 

fraction of the sample after the integrated position 

and form-finding approach. As illustrated in Figure 

19, the maximum value obtained for the maximum 

von Mises stress is 16.6 MPa that is quite higher 

than the value obtained after optimization by 

integrated position and form-finding approach. 

 

3.4. Method Investigation 

Overall comparison between the two 

methods of optimization, one parametric design, and 

another software-based topology optimization, will 

show that the flexibility in the design process for the 

former method is higher than the latter one i.e., 

software-based topology optimization. As appears, 
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two different methods discussed in sections 3.2 and 

3.3 have given two different values for the objective 

function, one is higher than the topologically-

optimized sample and another is much lower than 

the topologically-optimized sample with equivalent 

volume fraction of 10%. It means that shifting the 

design from circular hole feature to square slot has 

improved the results, however different geometric 

features may give better results after the 

optimization process, whereas the software-based 

topology optimization will not have that flexibility 

based on the load, boundary condition, and 

constraints defined for the optimization problem.In 

order to compare the compliance created in each 

method, one functional test was performed to 

measure the strain energy per unit volume. The 

lower value of strain energy will create more 

stiffness and less compliance. Among the different 

methods, it is obviously obsereved in Figure 24 that 

the integrated position and geometry optimization 

approach has created the highest stiffness with the 

least strain energy per unit volume and the geometry 

optimization method has created the maximum 

energy with the lowest stiffness, meanwhile it will 

be dofrmed more than other samples versus the 

identical tensile force applied to it. Both 

topologically-optimized samples are located in the 

middle part of plot with at least better stiffness 

characteristics compared to the sample that has been 

structurally optimized by geometry optimization 

method. But apart from the comparisons made 

above, for the design improvement of the parts and 

components with complex geometry, topology 

optimization, as a well-knownmethod for generative 

design, has already proved its unique capability for 

increasing the stiffness to weight ratio. 

 

 
Figure 24. Comparison between Stiffness for each Sample in terms of Strain Energy per Unit Volume 

(J/m
3
) 

 

In another point of view, although 

conventional manufacturing methods mostly fail to 

build topologically-optimized parts, they can easily 

build the simple features like circular holes, square 

slots that have been shown in section 3.1, 3.2, 3.3. 

However, due to the unique capabilities of AM 

technologies, designers tend to build topologically-

optimized parts with an increasing rate. Despite high 

demands for the design of topologically-optimized 

parts among the researchers and industries, AM 



Vahid Hassani, et. al. International Journal of Engineering Research and Applications 

www.ijera.com  

ISSN: 2248-9622, Vol. 11, Issue 2, (Series-VI) February 2021, pp. 37-58 

 

 
www.ijera.com                                 DOI: 10.9790/9622-110206375855|P a g e  

 

 

 

 

methods are yet under development and they also 

have some issues that need to be identified. 

Concerns such as support structure will create some 

difficulties mainly in the post-processing operations 

in terms of cost and time. As is well known, some 

AM processes require the use of support structures, 

specifically the metal AM, FDM (fusion deposition 

modeling), and Polyjet processes.  Support 

structures are used to support bottom surfaces, 

overhangs, and internal cavities and channels (pipes, 

pipelines). The designer must consider supports 

during part design [35]. The role of support 

generation and support removal has equal 

importance during the additive and subtractive 

processes. The support has to be generated to ensure 

that the part is properly printed without any 

deformation, but the generated support must be 

removed in the subtractive process either using 

liquid solvents, manually, or by special machining 

tools. As shown in Figure 25, a topologically-

optimized part, the support structure is hard to 

remove when it is generated in an irregular feature 

than a regular one such as circle, rectangle, or 

square. The sharp edges and dents can also be seen 

in figures 16 and 20 for the topologically-optimized 

sample under study in this research. If these samples 

have some orientations in the build platform at 

which the support structure is generated, the 

removal of the support structure will be 

cumbersome. To prove this issue evidently, one 

simulation was performed in Autodesk Netfabb 

software to evaluate the type of support structure 

generated in each sample when it is orientated in the 

build platform vertically in the XZ plane. As shown 

in figures 26 a-d, different types of support 

structures are created depending on the different 

features such as circular holes, square slots, and 

topologically-optimized one. In Figure 26a, since 

the diameter of the circular holes are equal, the 

support structure have the same configuration 

almost in all holes. In contrast, in the sample with 

different circular holes shown in Figure 26b, small 

circular holes have not been supported and it results 

in less time for post-processing operation and 

material used. In different features like square, the 

type of support structure is denser due to sharp 

corners of the square and consequently, the removal 

of support structure needs more accuracy to 

maintain the original feature safely. And finally, 

Figure 26d shows the topologically-optimized 

sample with the same orientation in the build 

platform that has a very dense support structure due 

to irregular and rough surface generated after 

performing the topology optimization. Obviously, 

this configuration claims more material as a support 

structure and its removal needs more accuracy and 

time.To have an accurate removal of such support 

structures, more precise and advanced machining 

devices are needed that claim more costs, time, and 

skilled operators. 

 

 

 
Figure 25. Support Structure in A Topologically-Optimized Part [36] 
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a) 

 

 
b) 

 

 
c) 

 

 
d) 

Figure 26. Support Structures (shown with blue color) at Different Samples, a) Position-Finding Method, 

b) Geometry Optimization Method, c) Integrated Position and Geometry Optimization Approach, d) 

Software-Based Topologically-Optimized Sample 
 

IV. CONCLUSIONS 
In this study, a simple rectangular sample 

was chosen as a working platform to demonstrate 

the three parametric methods of structural 

optimization and topology optimization. The 

parametric optimization process was initiated by 

sketching some particular features to create specific 

volume fractions in the rectangular samples. In the 

first method, the optimization process was pursued 

by optimizing the position of those features i.e., 

circular holes, while in the second method, the 

geometry of circular holes was manipulated to solve 

the structural optimization problem. Alternatively, 

an integrated approach of position and geometry 

optimization for different features compared to the 

first and second methods was proposed to increase 

the design freedom during the optimization process. 

Finally, some advantages of the proposed methods 

over the topology optimization were considered in 

terms of structural performance, design 
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flexibilityand the generated support structure from 

the viewpoint of post-processing operation of AM 

processes.  
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