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ABSTRACT 

Additive manufacturing continues to see increased growth and adoption 
across various industries owing to technology improvements and 
increasing material options. This paper presents a method to optimise 
the infill structure placement in fused deposition modelling parts. The 
method uses finite element analysis and the bi-directional evolutionary 
structural optimisation technique to determine the optimal placement 
based on stress and validated through testing 3D-printed samples. The 
results show that multi-infill geometry outperforms traditional 
rectilinear infill in loading capacity and stiffness. The paper concludes 
with a real-world application, using this optimisation method on a 
railway-related part. 

 OPSOMMING  

Bykomende vervaardiging sien steeds groter groei en aanvaarding oor 
verskeie nywerhede as gevolg van tegnologieverbeterings en 
toenemende materiaalopsies. Hierdie artikel bied 'n metode om die 
invulstruktuurplasing in saamgesmelte afsettingsmodelleringsdele te 
optimaliseer. Die metode gebruik eindige element analise en die 
tweerigting evolusionêre strukturele optimeringstegniek om die 
optimale plasing te bepaal gebaseer op spanning en bekragtig deur die 
toets van 3D-gedrukte monsters. Die resultate toon dat multi-invulling 
geometrie beter presteer as tradisionele reglynige invulling in 
laaivermoë en styfheid. Die artikel word afgesluit met 'n werklike 
toepassing wat hierdie optimaliseringsmetode op 'n spoorwegverwante 
deel gebruik. 

 
 

 

 

 

1. INTRODUCTION 

In recent years, additive manufacturing (AM) technologies have rapidly evolved in various mainstream 
manufacturing sectors, including biotechnical/medical, aerospace, automotive, and consumer products [1]. 
The evolution and rapid adoption in these manufacturing sectors is a result of the increasing number of 
companies using this technology for commercial end-use part production [2]. The AM technology most 
frequently applied in-house by industry is the fused deposition modelling (FDM) method, owing to its 
flexibility, material options, and low initial investment costs [3]. In the AM sector, topology optimisation 
(TO) techniques and algorithms are a standard method that designers use to improve strength-to-weight 
performance and to reduce the costs of 3D-printed parts, which are typically manufactured using powder-
based AM technologies [4]. In comparison, the use of TO techniques for the FDM technology for internal 
(infill) and external structures remains relatively immature and not fully adopted [5], [6], [7]. Commercial 
and open-source slicing software packages for FDM technologies use traditional 2D infill geometries and 
infill density scaling to 3D-print the internal contours of a part. These tool-path generators for FDM 3D-
printing technology do not provide any method of creating custom infill structures influenced by the part’s 
stress profiles.  
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The South African heavy haul freight rail company, Transnet Freight Rail, has conducted feasibility studies 
on additively manufactured railway-related products [8]. These studies have shown that 3D-printing 
technologies could be used in the railway environment to help to reduce manufacturing costs and lead 
times for spare part fabrication of legacy-designed systems  [8], [9].  In addition, functional end-use 
products such as electronic enclosures and replacement parts for track and rolling stock have been created 
[10], [11], [12]. To incorporate these technologies into the industry, the design methodology for 3D-printed 
parts must be determined for their respective applications [9]. Optimising the internal (infill) structure 
design of FDM 3D-printed parts would improve mechanical performance and produce more predictable 
failure modes [7]. 

2. BACKGROUND AND LITERATURE 

2.1. Related work 

To date, most of the research on the optimisation of FDM parts has been focused on the strength of parts, 
based on varying the printing process parameters such as infill density and layer height. 

Gopsill et al. [5] investigated and validated a five-stage method to create topology-optimised infill 
structures for FDM parts. The methodology used finite element analysis (FEA) data from Autodesk® 
Simulation Mechanical and a weighted stress criterion based on the evolutionary structural optimisation 
(ESO) method. A custom Python script was developed on the basis of graph theory to generate 2D linear 
infill structures from the applied ESO method on FDM-printed parts. The procedure was validated using 
three-point bending tests, and showed a three-and-a-half times increase in strength. This process, however, 
is restricted to 2D loading conditions and structures. Owing to the scripting method that was employed, 
the infill structure was limited to a predefined infill geometry and orientation, and did not consider the 
approach of using multi-infill geometry in the 3D-printed part. 

Xiong et al. [13] presented a highly efficient design method, using the bi-directional evolutionary structural 
optimisation (BESO) technique to produce a conceptual design of a hinge arm based on a set of loading 
conditions; and smoothing algorithms were used to post-process the conceptual design into a 
manufacturable part with the objective of mass reduction. The method was developed around the 
stereolithography AM technology owing to the ease of manufacturing complex structures. The optimised 
hinge design was mechanically tested on an experimental hinge compression machine, achieving the highest 
peak force before failure compared with 17 other design types.  

Toth and Vilakazi [7] presented a method for custom infill geometry placements for FDM printed parts using 
the shape optimisation and FEA methods available in a commercial software package, Autodesk® Fusion 360. 
The study also investigated the relationships between print parameters and the mechanical performance 
of tensile-tested specimens. The study’s results showed a two-and-a-half times increase in strength and a 
27 % mass reduction for the optimised specimens while maintaining the original test specimen’s shape. 
Finally, a case study was presented to demonstrate the application of designing a railway component by 
creating a custom-reinforced infill geometry for the FDM 3D-printed part. It was determined that the 
commercial software package did not allow the freedom of selecting or modifying design parameters to 
vary the output results. This prevented the application of further optimisation methods to create improved 
parts for the FDM process.  

For topology optimisation methods to create custom infill structures using the FDM technology, the 
manufacturing constraints and the process parameters must be fully defined, as the mechanical 
performance depends on them. A survey by Dey and Yodo [14] investigated the impact of the FDM process 
parameters on dimensional accuracy, surface roughness, build time, and mechanical properties. Their 
survey screened 100 research articles from 2005 to 2019 to quantify the relationship between process 
parameters and 3D-printed part characteristics. Optimal process parameters were selected, based on their 
influence on the mechanical properties presented in Table 5, and used to 3D-print the test specimens in 
this study. 

2.2. Structural optimisation 

Structural topology optimisation is considered a procedure for optimising the topological material 
arrangement of a part in the design domain. This is archived by eliminating the material volume that does 
not contribute to the structure’s integrity, while the optimised shape is generated on the basis of the 
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material volume that experiences loading and specific boundary conditions [15]. Structural optimisation 
can be classified into three categories: 1) shape optimisation, 2) size optimisation, and 3) topology 
optimisation. This study used the BESO technique in TO, which allows the material to be removed and 
added simultaneously. The initial research on BESO was conducted by Yang et al. [16] for stiffness 
optimisation. The new BESO algorithm for stiffness optimisation [17] addresses many issues related to the 
TO of continuum structures. In the BESO method, a part or structure is optimised by removing and adding 
elements simultaneously, based on an initial FEA. The elements represented by the FEA mesh are treated 
as the design variable rather than the associated physical or material parameters. The equation sets for 
applying the BESO technique are presented in [18]. 

2.2.1. Smoothing technique for post-processing 

The optimised model using the BESO technique contains boundary contours that are not streamlined and 
that are usually rough because of the mesh elements. This is a result of the element’s shape and the BESO 
method of element removal. The optimised model (with zig-zag boundaries) could reduce structural 
performance and present manufacturing difficulties using the FDM technology. A smoothing technique was 
proposed by Yang et al. [19] for reconstructing the element-based model. In this study, the Laplacian mesh 
processing technique [20] was employed to make the optimised structure smooth enough to manufacture 
using FDM technology. Although the Laplacian smoothing algorithm is efficient and straightforward, it can 
produce an over-smoothed result. The triangular mesh was converted into a quadrilateral mesh by applying 
a 4-8 subdivision scheme before Laplacian smoothing was performed to prevent over-smoothing and 
element mesh loss. This introduced only a single vertex for each triangle instead of four [21]. 

3. INFLUENCING THE INFILL DESIGN USING BESO 

 
Figure 1: Illustrative examples of the stages taken to generate a custom infill design: (A) CAD model, 
(B) FEA results, (C) BESO graphical mesh, (D) BESO geometric model, (E) 4-8 subdivision geometric 
model, (F) Model with Laplacian smoothing, (G) merging models, (H) multi-infill geometry, (I) 3D-

printed internal representation 

The key objective of the process was to use FEA results to influence the infill placement while ensuring 
that the external geometry was not altered. The process considers the manufacturing constraints of FDM 
according to different types of components. It allows for multi-infill geometry, and applies to different 
material types. The methodology involves a six-stage process to achieve an optimised infill geometry 
placement: 1) model construction, 2) mesh generation, 3) FEA analysis, 4) TO using BESO, 5) post-processing 
TO mesh, and 6) infill design. Figure 1 is a graphical representation of the custom infill placement workflow. 
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3.1. Model construction (Stage 1) 

The initial step in creating a custom infill placement was to create the computer-aided design (CAD) model 
to be optimised. From this model, a finite element mesh (FEM) and the analysis were performed. A 
stereolithography (STL) file was also created to preserve the original external shape of the CAD, which was 
used during the infill design stage. In this study, FreeCAD 0.19 was used to create the CAD model, illustrated 
in Figure 1-A. 

3.2. Mesh generation (Stage 2) 

The FEM was created in FreeCAD’s FEM workbench using the Gmsh open-source finite element mesh 
generator [22]. Since the BESO method adds and removes elements based on a stress criterion, the mesh 
element size determined the optimised shape. Table 1 lists the mesh algorithms used to set up the FEM for 
the test specimen. 

Table 1: Finite element mesh settings 

FEM mesh Gmsh 

2D algorithm DelQuad 

3D algorithm Delaunay 

Element size 3 mm 

Element order Second-order 

 

3.3. Finite element analysis (Stage 3) 

The FEA was done using the CalculiX solver [23]. Table 2 illustrates the boundary conditions used to perform 
the simulation, and Table 3 presents the FEA results.  

Table 2: Boundary conditions for simulation 

Applied force 5000 N 

Fixed constraints 0° freedom 

Material PETG plastic*[24]  

Table 3: Finite element analysis results 

 Three-point Off-centre 

Von Mises stress  

min (kPa) 10.63 8.54 

max (MPa) 49.08 43.33 

Displacement  

min (mm) 0 0 

max (mm) 
 

0.33 0.29 

Shear stress  

min (kPa) 6.13 4.87 

max (MPa) 26.26 22.63 
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3.4. Topology optimisation using BESO (Stage 4) 

A custom-developed Python macro and graphical user interface (GUI), inspired by the algorithms described 
in [18], was used to perform the topology optimisation technique. The script interfaced with FreeCAD’s 
workbench macros, which performed the BESO method [25]. The Python macro used the FEM created by 
Gmsh and the FEA results from the CalculiX solver as inputs. The macro performed the BESO method by 
iterating the removal of elements until the specified stress and mass criterion was achieved. Finally, the 
results from the tool created a native FreeCAD FEM graphical file and a .vtk file format for use in 
visualisation tool kits. 

Further steps were required to create an STL model from the results file [26]. Further improvements and 
contributions by community members have been made to this open-source program in scripting the GUI and 
the testing methods [27]. In the case of this study, the plugin tool was used to perform the BESO method 
with minimal changes to the source code for the current application. Table 4 lists the changes made to the 
macro. Figure 1-C and Figure 1-D illustrate the final iteration of the BESO method for the three-point 
bending test specimen.  

Table 4: BESO required properties 

Optimisation base Stiffness 

Mass goal ratio 0.4 

mass_addition_ratio 0.015 

mass_removal_ratio 0.03 

Element filter size limit 4 mm (twice element size) 

Number of iterations 65 

Average run time 3 minutes 21 seconds 

3.5. Post-processing topology optimised mesh (Stage 5) 

This stage of the method post-processes the graphical representation of the BESO method (Figure 1-C) into 
a 3D model that is capable of being 3D-printed using the FDM process. The final FEM created by the BESO 
method was converted into a mesh geometry model natively in FreeCAD (Figure 1-D). The mesh geometry 
represented by elements was then converted into quadrilateral elements (Figure 1-E). Finally, Laplacian 
smoothing was applied to the quadrant mesh to create a smooth 3D-printable model with minimal changes 
to the optimised structural shape (Figure 1-F). Changes in the element shapes and smoothing were 
performed using MeshLab [28]. 

3.6. Infill design (Stage 6) 

The sixth stage involves generating the infill structure and its related 3D-printing process parameters. To 
start, both the original CAD model and the BESO structure were imported into the slicer software. Both 
models were imported into Cura 4.7.1 as STL files in this study. The process parameters were then assigned 
for each model. Finally, both models were merged, and the print G-code was created. Figure 1-G illustrates 
the 3D models being merged, while Figure 1-H illustrates the multi-infill geometry assigned to the models. 

3.7. 3D printing 

Once the G-code had been created and sent to the 3D printer, the test specimen was 3D-printed with the 
optimised infill placement. Using a state-of-the-art slicer enabled a wide range of process parameters to 
be selected to optimise the 3D-printed part’s mechanical performance compared with the work presented 
by [5]. Table 5 illustrates the process parameters used to 3D-print the test specimens in this study. Figure 
1-H illustrates the internal 3D-printed version of the test specimen. 
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4. EXPERIMENTAL INVESTIGATION 

A beam undergoing two different loading scenarios – 1) three-point bending and 2) off-centre three-point 
bending – was tested to investigate the benefit of optimising the infill design using FEA and the BESO 
method. For this investigation, beams of 100 mm length, 40 mm height, and 10 mm depth were tested on 
a 25 kN Instron testing machine following the procedure presented in [5] and [6]. The specimens were 
tested to their stress-strain limits so that comparisons across the full extent of their structural behaviour 
could be determined. The tests were repeated for each case to determine an average set of results. Two 
comparative tests were performed. The first testing campaign investigated the mechanical performance of 
the test specimens printed solid (100%) and those printed with a multi-infill density configuration, with the 
BESO structure printed solid (100%) and the outer region using the rectilinear infill geometry (10%). The 
second testing campaign investigated the mechanical performance of the test specimens printed using the 
rectilinear infill geometry (33%) and the test specimens with a multi-infill geometry configuration for the 
BESO structure (20%). 3D infill patterns such as cubic, gyroid, and octet were used to print the BESO 
structure [29]. 

To control the conditions of the tests further, the mass remained constant at 28 grams for all of the 
optimised test specimens. Table 5 details the process parameters selected for printing the test specimens, 
and Table 6 provides the amount of deposited material used to 3D-print the test specimens. All of the test 
specimens were printed on the CR10S Pro, Creality FDM 3D printer. 

Table 5: Selected 3D-printing process parameters 

Process parameters Global parameters Custom infill placement (BESO) Reference model 

Infill pattern Rectilinear Cubic, gyroid, octet Rectilinear 

Infill density 20 % 20 % 33 % 

Wall thickness (mm) 1.6 1.6 1.6 

Number of walls 3 3 3 

Layer heights (mm) 0.2 0.2 0.2 

Build plate direction XY plane XY plane XY plane 

Table 6: 3D-printed test specimen details 

Test specimens Mass (g) Material extruded (mm) 

Test comparison 1 

Reference  

100% Solid 51 16810 

Optimised  

Three-point 35 11490 (-32%) 

Offset 35 11590 (-31%) 

Statistics  

Mean 35(-31%) 11540 (-31%) 

Test comparison 2 

Reference  

Rectilinear 28 8500 

Optimised  

Three-point  28 8510 (+ 0.29%) 

Offset 28 8530 (+ 0.86%) 
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Statistics  

Mean 28 8520 (+ 0.24%) 

5. RESULTS AND DISCUSSION 

Table 7 and Table 8 provide the test results for the three-point bending and three-point offset bending 
tests. 

Table 7: Three-point bending test maximum results 

Infill type Peak force (N) Maximum 
extrusion (mm) 

Flexural stiffness 
(N/mm) 

Strain energy (N-
mm) 

Test comparison 1 

100% solid 12116 10.3 2977 62410.36 

12205 10.15 3017.4 61957.31 

Mean 12160.5 10.23 2997.2 62183.83 

100% BESO 
5636 3.25 2598.6 9164.86 

6213 3.15 2746.5 9795.49 

Mean 5924.5 3.2 2672.55 9480.18 

Test comparison 2 

Rectilinear 2680 26.5 1079.9 35518.63 

BESO gyroid 3985 12.6 1182.4 25113.44 

BESO cubic 3344 10.25 1488.4 17143.07 

BESO octet 3693 9.15 1578 16902.21 

Table 8: Three-point offset bending test maximum results 

Infill type Peak force (N) Maximum 
extrusion (mm) 

Flexural stiffness 
(N/mm) 

Strain energy 
(N-mm) 

Test comparison 1 

100% solid 9548 5.8 2999.1 27461.6 

8809 5.6 3284 24675.0 

Mean 9178.5 5.7 3141.55 26068.3 

100% BESO 9100 9.15 2568.1 41638.53 

8194 6.4 2835.5 26228.50 

Mean 8647 7.78 2701.8 33933.52 

Test comparison 2 

Rectilinear 1678 13.14 1137.6 11028 

 1560 11.45 9617 8931 

Mean 1619 12.3 1049.65 9980 

BESO gyroid 5374 7.103 9343 13272.27 

BESO cubic 3939 10.05 1278 19799.57 

BESO octet 4278 9.7 1324.2 60422.87 
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Figure 2 and Figure 4 illustrate the flexural force-extension results for the first investigative comparison, 
while Figure 3 and Figure 5 illustrate the force-extension results for the second investigative comparison. 
 

 
Figure 2: Flexural stress-strain curves for three-point bending of solid (100% infill density) and BESO-

optimised infill placement 

 

Figure 3: Flexural stress-strain curves for three-point bending of test specimens with multi-infill 
geometry configuration 

 
Figure 4: Flexural stress-strain curves for three-point offset bending of solid (100% infill density) and 

BESO-optimised infill placement 
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Figure 5: Flexural stress-strain curves for three-point offset bending of test specimens with multi-

infill geometry configuration 

5.1. Maximum loading capacity 

Based on the first investigative comparison, it was evident that the solid (100% infill density) test specimens 
could withstand a larger loading capacity than the BESO-optimised infill for the three-point bending test. 
The BESO-optimised specimens failed before yielding, unlike the reference specimens. This was primarily 
because of the solid and porous infill density configurations. In the case of the three-point offset bending, 
the solid (100% infill density) BESO test specimens experienced a reduced loading capacity of 6% ((9178.5-
8647)/9178.5) × 100) with a mass reduction of 32% ((51-35)/51) × 100) compared with the reference solid 
(100% infill density) test specimen. Based on the second investigative comparison, it was evident that the 
custom infill placement using multi-infill geometry produced test specimens capable of withstanding a 
larger loading capacity than the traditional rectilinear infill pattern.  

5.2. Maximum force extension: 

Considering the maximum specimen extension at which the peak force occurred, Table 7 and Table 8 show 
that the peak force occurred at a lower strain for all of the BESO-optimised infill placements than for the 
reference test specimens – although it was interesting to note that, in the second investigative comparison, 
the BESO-influenced infill placement saw the most significant reduction in the strain at increased peak 
forces, compared with the reference test specimens. The results showed that the BESO infill placement 
with a gyroid pattern tested using the three-point bending experienced a 49% (((2680 -3985)/2680) × 100) 
increase in peak force with a 29% ((35518.63-25113.44)/35518.63) × 100) reduction in strain, compared 
with the reference rectilinear infill specimen. Compared with the standard rectilinear infill geometry, there 
was a 66% ((26.5-9.15)/26.5) × 100) reduction in peak force material extrusion for the octet pattern. In all 
of the cases of the BESO multi-infill geometry, the peak forces were increased with a reduction in strain. 
This is an essential factor in using multi-infill geometry patterns for failure modes when a component needs 
to fail at a particular strain. This allows multi-infill geometry to design functional components that may 
require specific operating strains. 

5.3. Beam stiffness 

In the first investigative comparison, it was evident that the solid test specimens performed better than 
the BESO-optimised solid infill. Although the BESO-optimised solid infill specimens did not match or surpass 
the reference test specimens, it is essential to note that a stiffness reduction of 11% ((2997.2-
2672.55)/2997.2) × 100) was achieved for the test specimens, which were 31.4% ((51-35)/51) × 100) lighter 
than the solid reference test specimens. In the case of the second investigative comparison, it was evident 
that the BESO-optimised multi-infill geometry specimens outperformed the traditional rectilinear test 
specimens. The most significant stiffness increase (46% ((1079.9-1578)/1079.9) × 100)) was achieved by the 
BESO octet infill geometry tested under three-point bending. This highlights the significance of loading 
scenarios when applying the BESO TO. The most significant changes in peak loading, strain at peak loading, 
and stiffness could have been influenced by applying specific infill geometries and more material at these 
locations.  
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5.4. Energy absorption 

The BESO-optimised test specimens decreased strain energy in all of the test comparisons. In the case of 
the three-point offset bending tests, all of the BESO-optimised test specimens did not experience 
catastrophic failure, but instead began to experience compression. This was because of the placement of 
the BESO internal structure and the fixture rollers. This confirmed that components with a well-defined 
loading profile might benefit from an FEA-influenced infill design.  

5.5. Failure modes of structures 

When considering the failure modes of the specimens that were tested, some interesting buckling 
phenomena were experienced across both the BESO optimised and the traditional infill specimens. With 
the BESO-optimised specimens’ stiffness increase, brittleness was also experienced. This was evident in 
the first investigative comparison between the solid test specimens and the solid BESO test specimens, 
which was captured clearly in the force-extension curves illustrated in Figure 2 and Figure 4. The reference 
rectilinear infill test specimens gradually failed during the testing process. The interruptions in the force-
extension curves, presented in Figure 3, Figure 4, and Figure 5, show high internal stresses being released 
owing to the infill geometry before the whole part failed. 

In contrast, the BESO multi-infill geometry optimised test specimens presented buckling events in the early 
stages of the testing process. These illustrated the internal failures where the shell walls, the BESO infill 
geometry, and the rectilinear infill patterns connected. The fixtures then settled in the optimised infill 
structure, where the loading capacity increased once again (Figure 3, Figure 4, and Figure 5). This was 
evident in the force-extension curves for the BESO gyroid test specimens. The consistency of the bucking 
points for the BESO-optimised specimens could support planned and predictable failure modes for parts, 
which could also assist in post-failure analysis. 

6. RAILWAY APPLICATION – CUSTOM INFILL PLACEMENT 

Toth et al. [8] presented a case study on designing, manufacturing, and installing a functional 3D-printed 
roof scoop air vent. The air vent unit was developed as a replacement part for a railway inspection vehicle 
owing to a shortage of spares. The unit had overall dimensions of 330 mm x 260 mm x 60 mm, and was 
printed on the CR10S Pro, Creality FDM 3D printer. The internal (infill) structure was optimised in designing 
the roof scoop air vent using this study’s custom infill placement methodology. Table 9 and Table 10 present 
the BESO optimisation properties and the 3D-printing details for the roof scoop. Figure 6 is a graphical 
representation of applying the custom infill placement for optimising the roof scoop air vent. Owing to the 
layer-by-layer process, the 3D-printed vertical sections of the digital BESO mesh illustrated in Figure 6-C 
are difficult to represent as an image.  

Table 9: BESO required properties 

Optimisation base Stiffness 

Mass goal ratio 0.4 

Mass_addition_ratio 0.015 

Mass_removal_ratio 0.03 

Element filter size limit 4 mm (twice element size) 

Number of iterations 65 

Average CPU run time 2 hours 3 minutes 

4-8 subdivision mesh Converted to quadrilateral mesh 

Laplacian smoothing 5 smoothing steps 

1D boundary smoothing 

Cotangent weighting 
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Table 10: Selected 3D-printing process parameters 

Process parameters Global parameters Custom infill placement 

Infill pattern Rectilinear Cubic 

Infill density 33 % 20 % 

Wall thickness 1.6 1.6 

Number of walls 3 3 

Layer heights 0.2 0.2 

Build plate direction XY plane XY plane 

Material PET-G 

The selection, redesign, manufacturing, and installation of the functional 3D-printed air vent unit was 
based on a legacy component requiring replacement because it had failed [8], [9]. Computational fluid 
dynamic (CFD) simulations were performed to determine performance differences between the legacy and 
the new designs. The results showed an 18.7 % reduction in shear stress caused by air flow, attributed to 
the optimised architecture enabled by 3D printing [8]. The 3D-printed part was mounted using silicon 
adhesion and standard 6.5 mm diameter pop rivets. The BESO infill structure was placed in regions of 
elevated stress, including the fastening holes, owing to the compressive stresses induced by the installation 
method. The part was successfully installed and operated on the railway inspection vehicle. 

 

Figure 6: Graphical representation of the method proposed in this study applied to the replacement 
air vent: (A) CAD model, (B) FEA performed on the air vent, (C) BESO-generated mesh, (D) merging 

the BESO mesh with the CAD model, (E) 3D-print of the BESO mesh, (F) 3D-print of the air vent 

7. CONCLUSION 

Additive manufacturing technologies allow designers to optimise parts’ external forms and internal 
structures. This study investigated the advantage of optimising the internal structures by creating custom 
infill placements based on the bi-directional evolutionary structural optimisation technique. Developing a 
custom infill placement based on stress profiles was discussed in detail with two case studies: a beam and 
a railway vehicle replacement component undergoing varied loading scenarios. A notable feature of the 
custom infill placement based on the part’s stress profiles was its ability to assign multi-infill geometry 
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combinations, including three-dimensional infill geometries. The proposed process has been experimentally 
evaluated for a rectangular beam under two loading cases in which the generated designs were compared 
with solid and rectilinear infill geometry. The test showed relative performance increases for all of the 
BESO-optimised multi-infill geometry test specimens compared with the reference rectilinear specimens. 
A 49% increase in peak loading for the gyroid–rectilinear infill geometry combination was achieved, 
compared with the standard rectilinear infill pattern. Compared with the standard rectilinear infill 
geometry, there was a 66% reduction in the peak force material extension needed for the octet-rectilinear 
infill geometry. A 46% increase in flexural stiffness for the octet-rectilinear infill geometry combination 
was achieved, compared with the standard rectilinear infill geometry and brittle material behaviour for 
solid BESO-infill-optimised test specimens. 
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