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ABSTRACT

Mechanical design within the railway industry is conservative due to traditional manufacturing 
processes and slow to adopt new methods of manufacturing due to safety requirements. In South 
Africa, there is limited research on how 3D printing might assist railway operators in optimising 
design, manufacture and maintenance of various internal and customer-facing components. The 
purpose of this paper is to identify optimal printing parameters and determine the benefits of 
creating custom infill geometry based on topology and finite element analysis principles. This is 
achieved by comparing mechanical test results of various tensile tests that have been 3D printed 
using the Fused Deposition Modelling process and polymer materials. A case study is used to 
demonstrate the application of designing a railway component using the custom reinforced infill 
geometry that is 3D printed using the optimal parameters that have been identified.  
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1 INTRODUCTION

Functional parts and assemblies used in industry all undergo various conventional manufacturing 
processes. Manufacturing advances made in recent years in all technology domains have enabled 
these functional systems to be fabricated from design perspectives through to being production-
ready. These significant developments in part creation are made by utilizing advanced digital 
tools which include computer-aided-design systems, non-destructive testing in the form of finite 
element analysis (FEA) and testing of iterative designs for a given subsystem or part [1]. These 
processes form the practices of conventional designing for manufacturing and assembly (DfMA) 
[2]. In the 3D printing area, advanced technology and digital tools do play a significant role in 
producing functional grade 3D printed parts [1]. Due to this, 3D printing technology has seen 
rapid adoption in various industrial sectors and commercial markets. The steady decrease in 3D 
printing costs allows conservative industries such as the railway environment to investigate 
possible adoptions and introduction [3]. Even though 3D printing is seen as an attractive addition 
to the traditional manufacturing methods used to produce railway-related components, limited 
knowledge of how it may assist rail design engineers and operators exist. The design knowledge, 
rules and methodologies are substantially different when designing for Additive Manufacturing 
(DfAM) which is able to create various features and impose different design constraints when 
compared to the conventional DfMA approach. Therefore, they require different process-specific 
design rules and tools to achieve the required parts for its given application [2]. An important 
factor in the design optimisation process for additively manufactured parts is having a common 
understanding of the relationships that exist between 3D printing techniques, 3D printing 
materials and the mechanical properties associated with the final part. It is also important for 
rail design engineers to be aware of these properties and the manufacturing technique as it 
would influence the design methodology. Research conducted by [4] presented the benefits of 
the 3D printing technology and showed how it could improve maintenance tasks within the 
railway industry. A redefined and simplified design methodology for additively manufactured 
parts were also presented specifically for the railway infrastructure environment. Figure 1
illustrates the flow diagram of the design cycle which highlights that the initial design process 
occurs at the software level. This level contributes to the most steps in the overall design flow.

Figure 1 Proposed Design Cycle for Creating 3D Printable Functional Parts [4]

Under the mechanical design process, research conducted by [5] found that in the South African 
railway environment, rail design engineers face multiple challenges in defining components for 
space-restricted applications and overall component weight when using the traditional 
manufacturing approach. The objective of this paper is to demonstrate the benefits of creating 
custom reinforced infill geometries using principles of topology shape optimisation and finite 
element analysis (FEA) by comparing strength-to-mass and increase-in-strength ratios of tensile 
test specimens to standard infill geometries. The paper also aims to determine the optimal print 
properties such as print orientation, infill density and material type to be used. Finally, the 
optimal results are applied to create railway-related components based on the presented case 
studies to demonstrate its benefit.
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2 BACKGROUND:

2.1 SOUTH AFRICAN RAILWAY INDUSTRY

In the South African railway industry, recent investigations have been done to determine the 
feasibility of metal additive manufacturing (AM) and 3D printing technology. Potential benefits 
for creating spare parts for infrastructure equipment, measuring gauges and simple tools for 
maintenance activities were identified using case studies. These case studies focused 
specifically on wayside maintenance equipment and proved that 3D printing functional parts
have a place in the rail infrastructure domain [4]. Factors relating to the design of railway 
components using design optimisation analysis also showed the benefits of recreating stronger 
railway-related components using 3D printing techniques with parts that have less material. It 
was also shown that 3D printed polymers can be suitable replacements to certain railway 
components when methods of design optimisations such as topology analyses are applied [4].
With the advancement in 3D printing, the techniques used to create functional parts for railway 
wayside assets can be effectively achieved. In order to fully realise this potential and be able 
to expand its applications within the railway industry, proper design methods and design 
optimisation processes of the printed components needs to be determined [4]. Equally, not 
everything within the rail environment can have the benefits of AM and 3D printing. It is, 
therefore, important to understand the technical limitations and design methods through 
research, needed for creating functional railway parts. As an introduction to 3D printing in the 
railway environment, technical research is done based on the 3D printing relationships 
determined by using the FDM technique with polymer materials. The results from the technical 
analysis will develop a better understanding of creating railway-related components by rail 
design engineers.  

2.2 3D PRINTING TECHNOLOGIES

This manufacturing process, commonly known as 3D printing, involves creating physical parts by 
depositing material one layer at a time. Components created using this technique is able to 
simplify and combine conventional manufacturing methods (subtractive, joining and formative)
at the software design phase [4]. The Fused Deposition Modelling (FDM) method of 3D printing
for plastics, builds parts by heating a thermoplastic filament to a semi-liquid state. The molten 
plastic is then extruded through a small nozzle creating the physical part in a layer-by-layer 
fashion [6]. Figure 2 illustrates a schematic of a general FDM 3D printer process.
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Figure 2 Schematic of the General Components Found on a Direct Drive FDM 3D Printer

The general 3D printing process using an FDM printer involves four basic stages. It starts with a 
computer-aided design (CAD) created using design software or using reverse engineering 
methods such as 3D scanning which is saved as a Stereolithography (STL) file. The file is then 
converted into machine code or instructions known as G-code. Once the model is converted, the 
file is sent to the 3D printer software to prepare it for printing. The model may be printed after 
the appropriate settings have been selected on the printer software. The final stage of the 
process involves, cleaning, assembling and in some cases may require other post-processing 
methods [4]. Figure 3 is a visual representation of the different stages involved in 3D printing. 

Figure 3 Stages of the 3D Printing Process from a CAD model (Stage 1) to slicing the CAD model (Stage 
2) and the Final 3D Printed Tensile Test Specimens (Stages 3 and Stage 4)

2.3 REINFORCED MESHING AND CUSTOM INFILL GEOMETRY

Similar to other AM processes (including FDM), the 3D STL model does not contain any 
information on infill geometry and density. In most instances, the infill geometry relies on the 
available ‘default’ settings on the slicing (tool-path-generator) software. Since infill geometry 
and density determines the overall strength of a 3D printed part, the infill design is an important
factor to consider for mechanical performance [7]. Dr Adrian Bowyer [8], a respected inventor 
of the self-replicating 3D printer postulated an idea to improve the strength of FDM printed 
parts. The idea presented the use of thin like fibres to be added to the interior of 3D printed 
objects at the design stage as seen in Figure 4. These virtual fibres are presented as long thin 
cylindrical void holes within the STL model. The theory behind the use of these voids is to trick 
the printer software in assuming these are holes and effectively apply perimeters around it. 
That is, apply more plastic around these holes. This approach would increase the density of the 
infill in the localised area resulting in a reinforced model. He also presented the use of Finite 
Element Analysis (FEA) to assist with identifying the localised weak region of a part. The test 
results showed that for a 200 mm beam printed in Polylactic Acid (PLA) material with a 20 % 
infill, the part improved in stiffness by 54 % [8]. The disadvantage of this approach is identifying 
the appropriate regions of adding virtual fibres as well as the number of fibres needed to add 
overall strength to the part. In the case of the FEA approach, Dr Adrian Bowyer used a custom 
script instead of commercially available specialist software to conduct the finite element 
analysis. This approach will be used in this investigation to create a custom reinforced infill 
geometry.  
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Figure 4 Randomly Generated Cylindrical Fibers in a 3D Model Cube (a), Using FEA to Assist with 
Identifying the Weak Region (b) and Cylindrical Fibers at the Identified Weak Region (c) [8]

2.4 MECHANICAL TENSILE TESTING OF FDM 3D PRINTED PARTS

Research in determining the various different mechanical properties of 3D printed plastic parts 
have been done in other countries. These activities have been used to develop a better 
understanding of 3D printed parts for designers. Some of these activities include;

Research conducted by V. Madhav and S. Yeole [9] investigated the relationship between 
literature and relative simulation studies on the properties of acrylonitrile butadiene styrene 
(ABS) plastic specimens. The simulations were performed, complying to standard ASTM D638 
Type-IV to determine the ultimate tensile strength and maximum deformation in the specimen.
It was found that FEA simulation results strongly agreed to the literature of the study. Research 
conducted by D. Farbman and C. McCoy [10] examined the variations in mechanical properties 
of thirteen 3D printed test specimens. The research was conducted to provide both industrial 
and academic communities with a better understanding of the mechanical behaviour of 3D 
printed polymer parts to help improve the mechanical & digital design process. This was done 
using the fused deposition modelling (FDM) technique of 3D printing. Limitations in the research 
were found with the 3D print quality, limited data spread of test specimens and stress 
concentrations in the printed parts causing premature failures during testing which resulted in 
poor conclusions. This approach is used to conduct the comparisons between standard infill 
geometry to the custom reinforced infill geometry. 

3 RESEARCH METHODOLOGY

3.1 MATERIAL PROPERTIES

The polymer materials used in this research study are Acrylonitrile Butadiene Styrene (ABS) and
Acrylonitrile Butadiene Styrene Composite (ABS+) filaments. These materials have been selected 
for this research because of the introductory level of the research and the cost associated with
it. Table 1 illustrates the polymer material properties being used for this research.

Table 1 Polymer Filament Properties Used in the Study [11]

ABS ABS+
Melting Point 220ºC - 260ºC 220ºC - 260ºC

Surface Quality Fine Fine
Cool Time Medium Medium

Moisture Absorption Approx. 3%-5% Approx. 3%-5%
Density 1.04 g/cm³ 1.06 g/cm³

Elongation At Break 22% 30%
Glass Transition 105ºC 98 ºC
Tensile Strength 44.81 MPa 40 MPa
Flexural Strength 66 MPa 68 MPa
Tensile Modulus 2.21 GPa 1.98 GPa
Flexural Modulus 2.28 GPa 2.43 GPa

3.2 TEST SPECIMEN PREPARATION

The test specimens that are used for the purpose of this research will comply with ASTM D638-
14 Type IV standards for plastic tensile testing [12]. This standard is used due to the direct 
comparisons of semi-ridge and non-ridged plastics needed to be conducted for the 3D printed 
specimens. Two sets of test specimens complying to the recommended standard will be 3D 
printed. The first set of specimens are printed following the standard infill density and geometry
(rectilinear) found on the slicing software. The second set of specimens will have custom 
generated reinforced infill geometry patterns based on FEA and topology optimisation combined 
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with the standard infill pattern. Figure 5 illustrates the sketch and related dimensions of the 
test specimens. A total of 48 test specimens are printed with 4 specimens assigned to a 
particular infill density group. 

Figure 5 Sketch of the Intended Tensile Test Specimens with Dimensions in mm [12]

The specimens will be tested to failure in order to measure tensile strength, elongation at break,
strength to mass ratios and increase in strength ratios. These results will assist with generating 
curves for the respective build orientations between the two different infill patterns to 
compare. In order to effectivity compare the specimens, a constant coordinate reference axis 
needs to be determined. Figure 6 illustrates the print orientation of the test specimens and the 
constant coordinate system used with reference to the 3D printer build direction and the applied 
loading of the tensile testing machine. It must be noted that the 3D printing build direction is
assigned as the Z-axis and all specimens are printed on rafts to ensure accurate dimensions and 
adhesion.

Figure 6 3D Printed Test Specimens on the Printer Platform in the Respective Build Orientations

All specimens have a constant layer height of 0.2 mm and varied build orientations. Infill density 
and material types are varied. Table 2 illustrates the test specimens with reference to Figure 
6.

Table 2 Test Specimen Build Orientation

Print Orientation
A Vertical along the y-z plane B Vertical along the x-z plane
C Vertical at 45 degrees D Horizontal Flat along the x-y plane

3.3 3D PRINTER & TENSILE TESTING MACHINE PARAMETERS

Two different 3D printers are used to 3D print the tensile test specimens complying to ASTM 
D638-14 Type-IV standard [12]. The method used to create a custom infill geometry is not a 
simple setting offered on any 3D printing slicing software but is a custom method of merging 
mesh bodies within a slicer software. Table 3 illustrates the printer specifications and settings 
used for printing the test specimens.
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Table 3 Printer Parameters Used to 3D Print the Test Specimens

Printer Settings Parameters
Printers UP Plus 2 & Creality CR10S Pro

Slicing Softwares UPStudio & Cura 4.3
Infill Density 0% : 15% : 20% : 65% : 99%
Layer height 0.2 mm

Bed Temperature 90 degrees Celsius
Nozzle Temperature 260 degrees Celsius

Figure 7 illustrates the general infill density and geometry used in comparing the 3D printed test 
specimens. 

Figure 7 Infill Density of 15 %, 20 %, 65% and 99% with a Rectilinear Geometry and Two Shell 
Parameters

The tensile testing machine used to conduct all tests is the MTS Criterion model C45.105 and is 
normally used to test rail steel specimens at Transnet Freight Rail. Figure 8 illustrates the 
machine setup.

Figure 8 Universal Tensile Testing Machine Used in this Investigative Study

3.4 CUSTOM REINFORCED INFILL GEOMETRY

The approach taken to develop a custom infill geometry uses topology optimisation principles
and finite element analyses. In order to create a custom infill geometry that can be used to 
reinforce the original model, FEA is performed on the tensile test specimen. An arbitrary vertical 
load is applied at one end of the test specimen while the opposite end is fixed in all directions.
The FEA analysis will present the stress profiles generated through the body of the test 
specimen. This stress profile is exported and saved as a separate mesh body which will be used 
to create the custom infill geometry within the slicing software by merging it with the original 
CAD model. Figure 9 illustrates the stages used to generate the topology optimised mesh based 
on the FEA results.
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Figure 9 The Different Stages in Generating the Final Custom Reinforced Mesh Geometry

Figure 10 illustrates the method used to merge the optimised stress profile model that was 
exported from the FEA results with the original CAD body using the slicing software.

Figure 10 Merging Mesh Bodies to Create a Custom Reinforced Model

Table 4 illustrates the settings used to merge the two files together. These settings are used on 
the slicing software, Cura 4.1.

Table 4 Settings for Creating a Custom Reinforced Mesh Geometry

Original CAD Model Reinforced Mesh
Software Used Cura 4.3

Per Model Setting Normal Model Modify Settings for Infill of Other 
Models

Infill Density 10 % 99 %
Infill Geometry Rectilinear Rectilinear

Shell Layer 2 2

4 RESULTS

4.1 TENSILE TEST SPECIMENS

All tensile test specimens were printed using ABS and ABS+ plastic. Each specimen was inspected 
for print defects and dimensional correctness. It was found that the dimensions of the samples
were within a tolerance of ± 0.1 mm to the recommended neck width of 6 mm and a thickness 
of 7 mm [12]. Print defects that were identified on the samples include seam-lines (where the 
new print layer starts and ends). On samples with 0 % infill density, print failure on the vertical 
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surface of the specimen existed. This is due to the samples not having any internal supports 
(infill). Figure 11 illustrates the defects identified. 

Figure 11 Print Defects Experienced from the Printing Process for Test Specimens with 0 % Infill 
Density

4.2 TENSILE TESTS

All tests were performed on the MTS Criterion Model C45.105, universal tensile tester. The 
tensile tests were performed in a humidity and temperature-controlled environment. The 
materials used in the experiment have limited absorptivity and high glass transition 
temperatures. Therefore, the effects of humidity and temperature on the test specimens were 
assumed to be negligible when the experiments were performed. All the specimens tested,
fractured within the neck region as suggested by the standard [12]. Figure 12 illustrates some 
of the fractured test samples. 

Figure 12 Fractured Dog-Bone Test Specimens of ABS & ABS+ Plastic Printed in the XY Plane (A & C) 
and in the XZ Plane (B & D)

A method was developed by D. Farbman and C. McCoy [10] to determine the strength to mass 
and increase in strength ratios using maximum applied force instead of stress to the test 
specimens. Equation 1 illustrates the strength to mass ratio (SMR). The equation is used to 
illustrate how varying the infill density affects the strength-to-mass ratio with reference to the 
solid test specimen. 

=
,

1

Equation 2 illustrates the increase in strength ratio (ISR). The equation illustrates how the infill 
density changes the strength of the sample with reference to the hollow shell test specimen. 
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Table 5 through to Table 8 illustrates the results for the maximum force the test specimens 
achieved during the tensile test, the strength-to-mass ratio of the specimens, the increase in 
strength ratios based on the varied infill densities, mass and print times of the test specimens.

Table 5 Measured Data of ABS Plastic Tensile Test Specimens

Print Orientation
% Infill 
Density

Mass 
(g)

Print 
Time 
(mins)

Max 
Force (N) SMR ISR

UTS
(MPa)

Horizontal (x-y plane) 0 4 16,2 680 1.17 0 16.2
Vertical (x-z plane) 0 4 45,1 619 1.19 0 14.7
Vertical (y-z plane) 0 4 45,1 461 0.87 0 11

Vertical 45° 0 4 42,5 565 1.25 0 13.4
Horizontal (x-y

plane)
15 5 20,0 798 1.10 0.90 19

Vertical (x-z plane) 15 5 53,6 549 0.84 0.62 13.1
Vertical (y-z plane) 15 6 53,3 574 0.73 0.40 13.7

Vertical 45° 15 5 48,3 541 0.96 0.26 12.9
Horizontal (x-y

plane)
20 6

20,7
779 0.89 0.38

18.5

Vertical (x-z plane) 20 6 54,7 493 0.63 0.56 11.7
Vertical (y-z plane) 20 6 54,4 558 0.71 0.34 13.3

Vertical 45° 20 6 48,8 401 0.59 0.88 9.6
Horizontal (x-y

plane)
65 6

23,6
800 0.92 0.46

9

Vertical (x-z plane) 65 7 57,6 200 0.22 1.23 4
Vertical (y-z plane) 65 7 57,2 594 0.64 0.31 14.1

Vertical 45° 65 6 50,9 600 0.89 0.19 15
Horizontal (x-y

plane) 99 11
40,5

1600 1 1
37

Vertical (x-z plane) 99 10 66,0 1300 1 1 32
Vertical (y-z plane) 99 10 66,0 1319 1 1 31.4

Vertical 45° 99 10 59,5 1127 1 1 26.8

Table 6 Measured Data of the Custom ABS Plastic Infill Geometry Tensile Test Specimens

Print Orientation % Infill 
Density

Mass 
(g)

Print Time 
(mins)

Max 
Force 
(N)

SMR ISR
UTS

(MPa)

Horizontal (x-y
plane) 99 8

68
1654 2.07 2.62

39.4

Vertical (x-z plane) 99 8 114 1402 1.75 2.16 33.4
Vertical (y-z plane) 99 8 114 1420 1.78 2.19 33.8

Vertical 45° 99 8 113 1378 1.72 2.11 32.8

Table 7 Measured Data for the ABS+ Plastic Tensile Test Specimens

Print Orientation
% Infill 
Density

Mass 
(g)

Print Time 
(mins)

Max 
Force 
(N)

SMR ISR
UTS

(MPa)

Horizontal (x-y plane) 0 3 16,2 235 0.78 0 5.6
Vertical (x-z plane) 0 4 45,1 391 1.08 0 9.3
Vertical (y-z plane) 0 3 45,1 211 0.80 0 5
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Vertical 45° 0 4 42,5 392 1.23 0 9.3
Horizontal (x-y plane) 15 5 20,0 601 1.20 1.69 12.7
Vertical (x-z plane) 15 6 53,6 430 0.79 0.22 10.2
Vertical (y-z plane) 15 6 53,3 444 0.84 0.82 10.6

Vertical 45° 15 5 48,3 395 0.99 0.04 9.4
Horizontal(x-y plane) 20 5 20,7 610 1.22 1.73 14.5
Vertical (x-z plane) 20 6 54,7 397 0.73 0.03 9.5
Vertical (y-z plane) 20 6 54,4 443 0.84 0.82 10.5

Vertical 45° 20 6 48,8 192 0.40 1.44 4.6
Horizontal (x-y plane) 65 6 23,6 700 1.17 1.43 16
Vertical (x-z plane) 65 6 57,6 500 0.92 0.63 11
Vertical (y-z plane) 65 6 57,2 470 0.89 0.91 11.2

Vertical 45° 65 6 50,9 400 084 0.06 10
Horizontal (x-y plane) 99 11 40,5 1100 1 1 26
Vertical (x-z plane) 99 11 66,0 1000 1 1 24
Vertical (y-z plane) 99 11 66,0 967 1 1 23

Vertical 45° 99 11 59,5 875 1 1 20.8

Table 8 Measured Data of the Custom ABS+ Plastic Infill Geometry Tensile Test Specimens

Print Orientation % Infill 
Density

Mass 
(g)

Print Time 
(mins)

Max 
Force 
(N)

SMR ISR
UTS

(MPa)

Horizontal (x-y
plane) 99 8

68
1339 1.67 2.04

31.9

Vertical (x-z plane) 99 8 114 1002 1.25 1.42 23.9
Vertical (y-z plane) 99 7 114 834 1.19 1.38 19.9

Vertical 45° 99 8 113 812 1.02 1.07 19.3

Based on the experimental test performed on the tensile test specimens, a range of graphs 
illustrating the respective relationships between the different printer properties and mechanical 
properties of the 3D printed specimens have been generated. These are illustrated from Figure 
13 through to Figure 19.

Figure 13 Maximum Stress (UTS) vs Infill 
Density

Figure 14 Print Time vs Infill Density vs Mass
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Figure 15 Elongation at Break vs Infill Density Figure 16 Build Orientation vs Infill Density vs UTS
for ABS

Figure 17 Build Orientation vs Infill Density vs 
UTS for ABS+

Figure 18 Strength-to-Mass Ratio vs Build 
Orientation

Figure 19 Increase Strength Ratio vs Build 
Orientation

4.3 FINITE ELEMENT ANALYSIS SIMULATIONS

The finite element analysis simulations are performed on NX Nastran and comply with the ASTM 
D638 Type IV standard. The FEA consists of five stress and displacement simulations. In all 
simulations performed, one face at the base of the specimen is fixed in all degrees of freedom 
while a force resulting in the failure of the test specimen based on the material ultimate tensile 
stress is applied to the opposite side. The simulations consist of dog-bone specimens with varied 
infill densities. These densities include 0 % (hollow), 15 %, 20 %, 65 % and 99 % (solid) with all 
infill geometries being rectilinear type. The objective of the simulations is to determine the 
required force needed to induce failure of the test specimens. This force is then compared with 
the experimental results to determine the FEA feasibility. Table 9 illustrates the boundary 
conditions used in the simulations and is done to replicate the results from the universal tensile 
testing machine.
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Table 9 Simulation Boundary Conditions used for the Finite Element Analysis

Boundary Conditions
Material Properties ABS Plastic
Applied Loads Uniformly applied load corresponding to test results
Applied Constraints Fixed at the base of the specimen
Element Type & Mesh Size SHELL, CQUAD4 and CTETRA4 elements with a 0.5 mm mesh 

size

The stress generated on the test specimen based on the FEA results is illustrated in Figure 20
below. 

Figure 20 Stress Generated on the Test Specimen based on the Finite Element Analysis

Table 10 illustrates the final results for the maximum Von Mises stress, displacement and the 
maximum applied forced at failure for the test specimens

Table 10 Finite Element Analysis Results Performed for ABS Plastic

Maximum 0 % Infill 15 % Infill 20 % Infill 65 % Infill 99 % Infill
Von Mises Stress (MPa) 43 43 43 43 43.01
FEA Applied Force (N) 610.92 751 766.35 821.71 1620.81

Measured Applied Force 
(N) 680 798 779 800 1600

Displacement (mm) 1.569 1.12 1.129 1.145 1.342
% Error (Measured vs FEA) 11.31 6.26 1.65 2.6 1.28

4.4 DISCUSSION

All test samples were stressed at 5 mm/min using the universal tensile testing machine, 
complying with the recommended standard. Various relationships have been determined based 
on the experimental results and the finite element analysis. Based on these experiments, the 
ABS plastic material has shown better overall strength results compared to the ABS+ plastic 
tested. An Ultimate Tensile Strength (UTS) of 37 MPa was achieved on the standard 3D printed 
ABS plastic specimen while a UTS of 26 MPa is achieved on the ABS+ specimens as illustrated in 
Figure 16 and Figure 17. All other results, such as print time, build orientation, mass and infill 
densities are the same for both materials. The relationship between print time, build orientation 
and mass showed that the horizontal (X-Y Plane) is the optimal build direction. It requires the 
least amount of printing time (varies from 16.2 minutes for hollow specimens to 40.5 minutes 
for solid specimens) and results in stronger prints based on the applied loading used in the 
experiment as illustrated in Figure 14. A linear relationship between infill density, printing time, 
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mass and strength all exist. As infill density increases, all other parameters increase as 
illustrated in Figure 13 through to Figure 17.

The strength-to-mass and increase in strength ratios were calculated on the various different 
test specimens as illustrated in Figure 18 and Figure 19. The highest strength-to-mass ratios 
achieved for ABS and ABS+ plastic were specimens with a standard 0 % infill density printed 
vertically at 45 degrees. The ratios achieved were 1.25 and 1.23 respectively. These results 
point to the important property of shell layers having more strength influence than infill density. 
In the case of the increase in strength ratios, the ABS test specimen printed vertically (x-z plane) 
with a standard infill density of 65 % achieved a ratio of 1.23 while the ABS+ test specimens 
printed horizontally (x-y plane with a standard infill density of 20 % achieved a ratio of 1.73. It 
was hypothesized that the use of a custom reinforced infill geometry based on the FEA and 
topology optimisation would increase the strength-to-mass of the part. Based on the 
experimental tests conducted, it was evident that the highest overall strength-to-mass ratios 
and increase in strength ratios were from ABS and ABS+ test specimens printed horizontally (x-
y plane). The ABS test specimens achieved a 2.07 strength-to-mass ratio and a 2.62 increase in 
strength ratio. The ABS+ test specimens achieved a 1.67 strength-to-mass ratio and a 2.04 
increase in strength ratio. 
These results show that optimising the infill geometry using FEA does increase the strength of 
the part. The custom infill geometry specimens also showed to be stronger than all the test 
specimens. The strongest overall specimen is the ABS plastic specimen printed horizontally with 
an infill density of 99 % for the custom infill geometry and 10 % infill density for the non-stressed 
regions of the part as illustrated in Figure 13 through to Figure 19. The overall mass of the 
reinforced infill geometry specimens is 27 % less than the standard specimens, however, printing 
time has increased by 14.3 %. This increase in print time is due to the printer. The reinforced 
specimens were printed on a printer which uses a Bowden drive extruder as compared to the 
direct drive extruder found on the other printer. The finite element analysis indicated that test 
specimens with an infill density of 99 % would be stronger compared to the other variations of 
infill densities. This has been confirmed with the experimental results which had a 1.28 % error.
It was also identified that all other test specimens, with regard to infill density, performed the 
same during the experimental tests as illustrated in Table 10.

5 RAILWAY INDUSTRY APPLICATION

The comparisons between the test specimens have shown that the custom reinforced infill 
geometry does strengthen the 3D printed part and reduces the overall material used. The results 
achieved for the optimal printer parameters and the method of creating a custom reinforced 
infill geometry using FEA can be applied to the design of railway components. The case study 
demonstrates the techniques and methods of creating a custom generated reinforced infill 
geometry for an optimally 3D printed grease plate bracket. 

5.1 CASE STUDY 1: WAYSIDE LUBRICATOR GREASE PLATE BRACKET

Transnet Freight Rail uses wayside lubricators to provide lubricant on track to assist with 
reducing friction and wear between the wheel-rail interface. There are currently 1689 wayside 
lubricators installed across Transnet's rail network which translates to approximately 6756 
grease plate brackets. All the wayside lubricator parts including the bracket are manufactured 
using steel and due to the material, have become a high target for theft and vandalism. 
Replacing these missing parts results in increased lead times in manufacturing, procuring and 
installing. When the lubricators are not operational, they result in increased friction, wear and 
maintenance on the wheels and rails thereby resulting in an increased financial cost to Transnet. 
The grease plate bracket is used to demonstrate the application of using a custom reinforced 
infill geometry with the optimal printing parameters. This is done by first generating a digital 
CAD model of the bracket and optimising it for 3D printing as illustrated in Figure 21 (A), (B)
and (C). The expected stress regions of the bracket were then determined using the topology 
shape optimisation and FEA which was exported as a separate mesh body as illustrated in Figure 



410RAPDASA 2019 Conference Proceedings

21 (D) and (E). The exported mesh was then merged with the original CAD model within the Cura 
software as illustrated in Figure 21 (F), (G) and (H). Finally, the bracket is 3D printed using ABS 
plastic with the internal reinforced mesh illustrated in Figure 21 (I) and compared to the original 
as illustrated in Figure 21 (J).

Figure 21 3D Printing a Wayside Lubricator Bracket Using a Custom Reinforced Infill 
Geometry

6 CONCLUSION

The purpose of this paper is to identify optimal printing parameters for designing railway 
components and to determine the benefits of creating custom infill geometry based on topology 
and finite element analysis principles. This is achieved by comparing 3D printed tensile test 
specimens with varying printing parameters and custom reinforced infill geometry and applied 
to a specific railway component presented as a case study. The constant variables used when 
printing the test specimens includes print temperature (260 ), printer build platform 
temperature (90 ), print layer height (0.2 mm) and infill patterns (rectilinear). The variables 
which were varied in the study includes the polymer material types (ABS and ABS+), the infill 
density (0 %, 15 %, 20 %, 65 %, 99 %) and print build orientation (X-Y plane, X-Z plane, Y-Z plane, 
45° vertical plane). The results from the experiments have shown that utilizing FEA and topology 
optimisation to create custom infill geometries based on the stress experienced does create 
stronger parts while also reducing the mass of the specimen. The results also showed that the 
FEA approach to simulate the tensile tests with the varied infill densities strongly agrees with 
the experimental results obtained. The experiment also presented important relationships in 3D 
printer parameters and mechanical strength of 3D printed parts. This will allow better design 
optimisation techniques to be used on respective components. The case study of a 3D printed 
optimised grease plate bracket has shown that creating a custom infill geometry can assist with 
strengthening a 3D printed part for real-world applications. This allows for the design of railway 
components to be optimised based on the expected stress. It is, however, clear that further 
research is needed within the mechanical properties of 3D printed parts. This is important for 
rail design engineers to better understand the limitations and strengths of 3D printing
parameters in order to maximize the strength and durability of 3D printed functional parts for 
the railway industry. 

7 FUTURE DESIGN CONSIDERATIONS

Based on the results from the experimental tests and finite element analysis, a few 3D printing 
considerations can be used when 3D printing functional parts. Parts or components which will 
experience tensile forces can be optimised and printed using: 
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1) Custom reinforced meshing to improve strength and reduce mass based on FEA.
2) Infill density of 65 - 99 % should be used when possible.
3) Ensure print defects are non-existent and FEA simulation results are correct.
4) A slicing program which is capable of multiple printer options.
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9 FUTURE WORK

More research is needed to develop a better understanding of the limitations associated with
additive manufacturing and to determine its benefit in the railway industry. The following areas 
are required:

Further, expand the use and benefit of using custom reinforced infill geometry for railway 
parts.
Mechanical strength of composite material structures using the custom reinforced 
method.
Mechanical properties of compression of 3D printed parts.
Influence of Shells in strength increase of 3D printed parts. 
Railway components utilising these design techniques & varified 3D printable digital 
models.
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