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Abstract
Additive manufacturing technology involving the deposition of materials in successive layers provides a realistic possibility for
easy and quick production of 3D objects on demand. This work involves the computer-aided simulation and performance
evaluation of an additive manufacturing technology. The mechanical design, modelling and simulation of the internal accessory
of a railcar were carried out with the aid of the ABAQUS® 2016 while the physical experimentations were carried out via the
fused deposition modelling (FDM) method using three different 3D printing materials, namely acrylonitrile butadiene styrene
(ABS) plastic, epoxy resin and polytetrafluoroethylene. An additive manufacturing system which essentially comprises the
mechanical part having the stepper motor, micro-switch and extruder, and the electronics board having MELZI V2.0, a DIY
shield board, USB to serial converter and Arduino micro controller was used for the product manufacturing. The analysis of the
results gotten indicates that the three materials possess excellent mechanical properties which make them suitable for the service
requirements. This work will assist manufacturers in their quest for innovativeness in product development as well as reduction in
the manufacturing lead time and cost.
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1 Introduction

The quest for a greener technology that is a production process
which is sustainable in terms of reduction in waste generation
and energy consumption has triggered recent innovation and
advances in the area of additive manufacturing (AM) technol-
ogy. The manufacturing technology has continued to gain
widespread attention in the manufacturing industry due to its
suitability for rapid production of components with a near net
shape [1–3]. In addition, the need to reduce the manufacturing
lead time and cost with the development of high-quality

products with repeatability are challenges that require appre-
ciable solution in the industry. This has prompted manufac-
turers to embrace emerging materials and technologies geared
towards product innovation. The railcar manufacturers are in-
creasingly testing the potentials of the additive manufacturing
technology to break the creative barriers within the three ma-
jor areas, namely product innovation, rapid high-volume di-
rect manufacturing and energy efficiency. The complexity and
intersecting technologies driving the Fourth Industrial
Revolution and the breadth of their impact necessitate the
development of innovative approaches to implement and dif-
fuse the current and emerging technologies for railcar devel-
opment. In response to the increasing dynamics of the
manufacturing and business landscape in terms of product
development, product customization, market competition,
globalization amongst others, the quick and efficient produc-
tion of quality products is critical to the success of the
manufacturing industries. The additive manufacturing tech-
nology offers a realistic possibility for rapid product develop-
ment in this regard [4–7]. The 3D printing also known as the
rapid prototyping is one of the various forms additive
manufacturing technology whereby a 3D object is created
through successive deposition of materials in layers [8–10].
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The merits lie in the freedom of geometry, development of a
cost-effective technology and the realistic possibility for easy
and quick production of an object with a near net shape on
demand. The use of the 3D production technology in
manufacturing is often rapid and cost effective which in the
real sense has the potential to open the door for innovative
production. Over the years, various additive manufacturing
technologies have been employed for the development of spe-
cialized parts, components or products, medical equipment,
teaching aids and sensors etc. [11]. In the automobile and rail
manufacturing, it is suitable for developing components with
complex geometries, tools and other parts or sub-assemblies.
The technology can significantly improve the life cycle of
products from the design to the end of life phases. If the AM
technology is adequately deployed, it has the capacity to trans-
form the manufacturing and business landscape. This is due to
its flexibility and versatility in the production of complex ge-
ometries which are usually difficult to produce traditionally.
The AM process eliminates the use of special tooling, jigs and
fixturing elements which makes it a relatively simple
manufacturing process. The AM process is highly conserva-
tive and environmentally friendly and also promotes the con-
cept of circular economy with the tendency to reuse some of
the production materials [12]. When the manufacturing pro-
cess conditions are carefully planned, it has the capacity to
produce objects with near net shape, thereby eliminating the
need for expensive post processing. This will also save the
manufacturing lead time considerably, thus, making the pro-
cess time and cost effective. The AM technology for product
development boast of manufacturing flexibility, product cus-
tomization, product variability, time and cost effectiveness as
well as effective production mix [13]. For the manufacturing
industries to fully explore the potentials of the AM technolo-
gy, there is need for an effective process design which will
integrate the computer aided design into the manufacturing
phase for product development. As part of an emerging revo-
lution in the railcar manufacturing industry, this work con-
siders the integration of the computer-aided simulation ap-
proach and shop floor manufacturing for the rapid production
of railcar components via the additive manufacturing technol-
ogy. The work which integrates the computer-aided design
and simulation phase with the manufacturing phase offers
realistic possibility for effective monitoring and control during
the production process. This is because the texture, composi-
tion and the distribution of the starting materials as well as the
optimum combination of the process parameters are critical to
the overall success of the manufacturing process. The devia-
tions beyond the permissible limit will translate into the need
for expensive post processing or rework. Many researchers
have reported on various approaches to enhance the additive
manufacturing process for product development. For instance,
Laplulme et al. [14] reported on an open-source, 3D printer
factory capable of self-replicating for small medium

enterprises. The study showed that the 3D printing business
model is sustainable and can offer cost effective products
while maintaining healthy profit margins. Valkenaers et al.
[15] reported on a novel approach to additive manufacturing
involving screw extrusion 3D printing. The research findings
indicate that the approach is highly sustainable in terms of
energy, material and cost effectiveness. In a bid to ensure that
components developed additively meet their required service
and functional requirements, Gurrala and Regalla [16] report-
ed on the part strength evolution with bonding between fila-
ments in the fused deposition modelling (FDM). The study
investigated the coalescence of filaments and how it enhances
the strength of the final product. Similarly, Wang et al. [17]
developed a novel approach to improve the mechanical prop-
erties of parts fabricated by the FDM technique. The research
findings from these works indicated that the process parame-
ters are critical factors which determine the integrity of the
final product. In the light of this, Chaidas et al. [18] studied
the effect of temperature variation on the surface roughness of
component parts manufactured via the fused filament fabrica-
tion (FFF) while Lužanin et al. [19] studied the effect of ex-
trusion speed and temperature on the surface roughness of
components produced using the FDM technique. The findings
from the works of Chaidas et al. [18] and Lužanin et al. [19]
indicated that temperature and speed of printing are critical
factors as they promote the homogenisation and fusion of
the constituent materials in order to obtain a final product with
high surface integrity. However, when the optimum values of
the critical factors are exceeded, the process becomes less
sustainable. Hence, the need for effective process monitoring
and control in order to keep the operating conditions within
the optimum range.

Although many works have been reported on the develop-
ment and application of 3D printing technology, its applica-
tion in railcar manufacturing using acrylonitrile butadiene sty-
rene (ABS) plastic, epoxy resin and polytetrafluoroethylene
has not been sufficiently reported by the existing literature. In
addition, the integration of the computer-aided modelling and
simulation phase with the manufacturing phase validated by
physical experimentations for the production of railcar acces-
sories has not been widely reported. Hence, the aim of this
work is to integrate the computer-aided modelling and simu-
lation approach and shop floor manufacturing for the rapid
production of railcar components via the additive manufactur-
ing technology. The validation of the numerical approach
employed will be done with the physical experimentations
involving the use of acrylonitrile butadiene styrene (ABS)
plastic, epoxy resin and polytetrafluoroethylene for the pro-
duction of railcar accessories. The findings of this research
will assist manufacturers most especially those in the rail sec-
tor in exploring the prospects of additive manufacturing (AM)
in order to strike the right balance among competing factors:
cost effectiveness, high-volume direct manufacturing, product
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development cycle time and increased product performance.
Furthermore, it will also assist manufacturers in their quest for
innovativeness in product development as well as reduction in
the manufacturing lead time and cost.

2 Methodology

The work involves the computer-aided simulation and perfor-
mance evaluation of an additive manufacturing technology
that is suitable for producing the internal and external acces-
sories of a railcar from a CAD file. A host software was
employed which controls the movement of the 3D printer,
slice the .STL (StereoLithography) files format and generates
the G Codes (set of instruction). It uses the concept of modu-
larity to implement the control of the 3D printer system. The
3D printer has the following modules: repetier host software,
heat bed, extruder, motor and the main control. Each of these
modules is controlled by an independent microcontroller
which is interconnected with the module of the main control,
for effective coordination of the tasks of the 3D printer system.
A Computer-aided design (CAD) file is created with the aid of
a 3D modelling program, which creates and sends the file to
the 3D printer. The host software slices the design into differ-
ent layers ranging from hundreds to thousands in a horizontal
layer. The sliced layers will thereafter be printed on the top of
each other until the 3D object is produced. The print table is
the platform which provides the basic support for manufactur-
ing objects layer by layer upon which the objects for printing
are situated. The extruder is one of the most important parts of
a 3D printer usually employed for material and ink deposition
during printing. The movement of extruder in various dimen-
sions creates the 3D print. For printing a 3D object, the ex-
truder has to access X, Y and Z coordinates depending on the
specification of the printer required for various applications.
The type of 3D printer investigated is based on fused deposi-
tion modelling (FDM) technology because it is the most com-
monly used in the ranks of the 3D printers. Figure 1 shows the
frame work for the developed additive manufacturing technol-
ogy which integrates the computer-aided modelling and sim-
ulation phase with the shop floor manufacturing. The frame-
work incorporates all the requirements (service, design and
material requirements) for the additive manufacturing of com-
ponents. This is followed by the preliminary design and the
application of the computer-aided design modelling and sim-
ulation tools to determine the feasibility of the proposed solu-
tion before proceeding to the final design stage. If the require-
ments are met considerably, the final design will be made for
the production of the component parts. Otherwise, adjust-
ments will be required in an iterative process until such re-
quirements are met. The framework integrates the CAD phase
with the manufacturing phase for additive manufacturing
since the production process is usually initiated with the

creation of a 3D model of the parts to be produced. At the
CAD design phase, the creation of the 3D model of the object
to be produced via a CAD software is followed by the geo-
metric specifications of the object as well as the discretization
of the solid model into different shapes using the .STL exten-
sion. The created .STL files are converted into the G-codes
(instructions) for component part manufacturing. This implies
that the quality and the degree of conformity of the final prod-
uct are determined right from the CAD phase. Hence, the need
for the development of an efficient process design for proper
analysis, modelling, simulation and optimization of the differ-
ent configurations of the 3D model that will meet the stated
requirements.

2.1 Uploading the bootloader with an AVR
programmer

The chip usually comes blank and the bootloader was burnt
onto the chip with the aid of the AVR programmer. The
Arduino IDE software was downloaded while the AVR pro-
grammer was connected to the PC via the USB. The Melzi
board was powered by the USB and the programmer was also
connected to theMelzi via the Serial Peripheral Interface (SPI)
pins. When the Arduino IDE was opened, the Arduino was
turned “ON”. This was followed by the selection of the AVR
Programmer type as well as the burn bootloader.

2.2 Firmware upload

The Firmware Melzi board of the system comprises two ports
for each of the three end stops, and the three stepper motors in
the X, Y and Z directions, respectively, as well as two ports
each for the hotbed, fan, extruder and the thermistor system.
The board is powered by a 12 V 25 A source and also has a
port for the TF card, USB and ISP programmer. In order to
upload the firmware, both the Arduino and the Melzi board
were connected to a PC. This is followed by the opening of the
Arduino IDE, card selection and the turning on of the arduino
as well its selection as the ISP.

2.3 Melzi Arduino pin numbers

The pin numbers of the Melzi Arduino board are as follows:

#define X_STEP_PIN 15
#define X_DIR_PIN 21
#define X_MIN_PIN 18
#define Y_STEP_PIN 22
#define Y_DIR_PIN 23
#define Y_MIN_PIN 19
#define Z_STEP_PIN 3
#define Z_DIR_PIN 2
#define Z_MIN_PIN 20
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#define E0_STEP_PIN 1
#define E0_DIR_PIN 0
#define LED_PIN 27
#define FAN_PIN 4
#define HEATER_0_PIN 13 // extruder
#define HEATER_BED_PIN 10 // bed (change to 12 for

breakout pin on header)
#define X_ENABLE_PIN 14
#define Y_ENABLE_PIN 14
#define Z_ENABLE_PIN 26
#define E0_ENABLE_PIN 14
#define TEMP_0_PIN 7 // Analogue pin
#define TEMP_BED_PIN 6 // Analogue pin
#define SDSS 31
#define SLAVE_CLOCK 16

2.4 Phase III software part (Repetier host)

The Repetier host is the software employed in the control of
the axes of the 3D printer and slicing of the .STLCAD files.
After saving a CAD file in the .STL file format, it is then
loaded in the Repetier host firmware which slices the models,
thereby generating G-code (instructions) which was used for
the printing operation.

2.5 System’s energy requirement

Equation 1 presents the sum of the current needed for the
printing process.

I t ¼ I f þ Im þ Ih ð1Þ

where It is the total current drawn for part processing during
the printing operation (Amp), If is the current consumed by the
fans (Amp), Im is the current used by the motors (Amp) and
Ih is the current used by the heater (Amp).

The length of traversal (L) which measures the dis-
tance moved by the nozzle during the execution of the
command given by the G-code file is expressed as Eq.
2; thus,

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X i−X i−1ð Þ2 þ Y i−Y i−1ð Þ2

q
ð2Þ

where Xi denotes the ith command given by the G-code,
Xi and Y are the coordinates of the instruction Xi-1.

The power required (P) for the printing process expressed
as Eq. 3.

P ¼ I t � V ð3Þ
where V is the supplied voltage (120 V) with a variation of ±
0.5 V.

Fig. 1 The frame work for the developed additive manufacturing technology [20]
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The corresponding energy consumed is the product of the
power required and the printing time expressed as Eqs. 4 and 5
while Eqs. 6 and 8 present the overall energy equation for the
printing process which can be used for the development of an
energy model for the 3D printing process.

E ¼ P � T ð4Þ
where T is the printing time (s)

E ¼ I t � V � T ð5Þ

E ¼ ∑
T

t¼1
Ei ¼ ∑

T

i¼1
I t � V � T ð6Þ

The printing time is a function of the length of traversal (L)
and the speed of printing (s) expressed as Eq. 7.

T ¼ L
s

ð7Þ

where L is the length of traversal (m) and s the speed of print-
ing (m/s).

Hence, Eq. 6 is modified to obtain Eq. 8.

E ¼ ∑
T

t¼1
Ei ¼ ∑

T

i¼1

I t � V � L
s

ð8Þ

2.6 The materials employed

Three different 3D printing materials, namely acrylonitrile
butadiene styrene (ABS) plastic, epoxy resin and Teflon, were
employed for the product development. ABS is a lightweight
thermoplastic polymer with good mechanical properties such
as high strength, stiffness and toughness. It is highly flexible,
recyclable, cost effective, flame retardant, with excellent re-
sistance to heat and corrosion. It is suitable for the manufac-
ture of automobile and railcar parts, because its rheological
properties often promote the development of products with
high degree of surface finish. In situations where post process-
ing is required, 3D printed models from ABS can be post
processed without compromising the integrity of the material.
It can also come in different colour varieties in order to meet
the aesthetic requirements and its excellent resistance to heat
and corrosion makes it suitable for certain applications where
other materials might fail. The demerits being the production
of hot toxic plastic fumes during printing, and the ease of
deformation when not printed on a hot surface. Its high glass
transition temperature can also cause the product to retain
internal thermal stresses which can promote the shrinkage of
the final product after manufacturing. On the other hand, the
epoxy resin is tough, cost-effective, has good mechanical
properties such as high strength, high stiffness, high impact
resistance, and it is suitable for the production of prints with
good surface finish, high resolution and precision. The

limitations lie in its low flammability resistance and high tem-
perature requirement during printing. In addition,
polytetrafluoroethylene (PTFE) otherwise known as Teflon
is a non-stick, dimensionally stable high temperature, chemi-
cal resistant 3D printing material which offer sustainable
manufacturing solution on a range of design applications. It
has good properties such as good heat and chemical resis-
tance. It is highly recyclable with high moisture absorption
ability. The limitations lie in the cost and its non-suitability
for making complex geometries [21, 22].

2.7 The numerical modelling and simulation

The models of the railcar accessory (fire extinguishing
mounts) as shown in Fig. 4 were subjected to structural anal-
yses via the numerical simulations. The commercial finite
element modelling and simulation software ABAQUS®
CAE was used for simulation in order to determine the behav-
iour of the models when subjected to the required loading
conditions. Hence, the behaviour of the models of the three
different 3D printing materials employed, acrylonitrile butadi-
ene styrene (ABS) plastic, epoxy resin and Teflon, to loading
conditions were investigated and compared. This is necessary
because the efficiency of printing and the integrity of the
printed parts are functions of the properties, micro structure
and chemistry of the materials employed. For instance, the
temperature of the extruder which is necessary for part print-
ing can be significantly influenced by the melting temperature
of the material. In addition, the coefficient of thermal expan-
sion can also determine the magnitude of the thermal stresses
developed within the material during the printing process
which can significantly affect the bed adhesion. It is assumed
that the loading is static and that the materials are subjected to
the same loading and service requirements.

Table 1 shows the properties of the three materials
employed in the geometric and material modelling of the
product in the simulation code. The comparative analyses
were carried out based on the results of the simulations
obtained.

The extrusion temperature is the temperature of the heater
block at the hot end of the printer while the bed temperature is
the temperature of the build plate surface on which the printed
materials is placed.

The railcar accessory was designed to be a fire extinguisher
mount in a railcar and was thus subjected to loads and bound-
ary conditions that mimic the scenario of its actual usage. The
geometric model of the accessory as well as the loading and
boundary condition definitions on the Complete Abaqus
Environment (CAE) are shown in Fig. 2 a and b. The
Abaqus implicit module was employed because the implicit
dynamic simulations can be applied to structural analysis with
non-linear analysis; hence, it was used for the structural non-
linear analysis of the 3D printed components. The implicit

Int J Adv Manuf Technol (2020) 107:4517–4530 4521



module has a suitable integrator for the formulation and
analysis of a non-linear behaviour. It is an iterative pro-
cess with time increment adjustments until the solution
finally converges. Following the meshing of the assem-
bly into finite elements, it was subjected to convergence
simulation runs with mesh refinement feature employed
for the ease of convergence. An average mesh size of
0.8 mm which falls within the seed size stability conver-
gence zone was employed, in order to strike the right
balance among the computational costs, efficiency and
accuracy in contrast with other mesh sizes within the
convergence band.

The 3D part was drafted and meshed with standard 3D
stress analysis, 8-node linear brick finite elements, with re-
duced integration and default hourglass control.

The meshed parts were imposed with encastre mechanical
boundary conditions at the fixed end and a load of 300 N
(about 30 kg) which is more than the average weight of an
industrial sized fire-extinguisher was imposed on the inner
channels of the accessory which will hold the extinguisher
mount in the right position. The loading of the fire extinguish-
er mount is shown in Fig. 3 a and b.

2.8 The physical experimentation

The printing method employed was the fused deposition
modelling (FDM). The process involves the heating of the
thermoplastic to the melting temperature and the subsequent
extrusion of the molten thermoplastic as well as the material’s
deposition and binding layer by layer. The process is relatively
simple, cost and time effective and permits the development of
products with complex geometry as well as the deposition of
multi-material in layers though with the limitations of low
repeatability, as well as high operating temperatures [23, 24].
The printing process is depicted by Fig. 4. The optimum
values of the process parameters selected are as follows: print
speed (75 mm/s), nozzle diameter (0.15 mm), thickness of
layers (0.10 mm), extrusion temperature (255 °C), bed tem-
perature (87.5 °C) and percent of material in part volume
(15%). The selection of the range of the process parameters
namely print speed, nozzle diameter and thickness of layer
was informed based on a similar work reported by Lužanin
et al. [19] while the extrusion and bed temperatures were ob-
tained by finding the average values of the optimum range for
the three materials investigated in this study (Table 1). The

Fig. 2 a, b The 3D geometric model of the accessory

Table 1 Properties of 3D printing
materials [21, 22] Properties ABS plastic Epoxy resin Teflon

Density (kg/m3) 936 1683 2275

Young’s modulus (GPa) 2.34 10.5 2.5

Yield strength (MPa) 48 85 41

Thermal conductivity W/(m.°C) 0.12 0.43 0.24

Specific heat (K−1) 500 795 264

Extrusion temperature (°C) 220–240 270–315 230–255

Bed temperature (°C) 80–110 90–120 55–70

Glass temperature 105–110 145–150 70–78

Coefficient of thermal expansion (μm/m. °C) 68–110 50–70 60–92
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files of the 3D objects are first created with the computer-
aided design (CAD) software as CAD files and then converted
to the .STL files; thereafter, the .STL files were imported into
the host software (Repetier) which slices STL files into the
different layers in order to determine the way in which the
extruder would build each of the layer. This generates some
set of instructions (G-code) which is transmitted to the ma-
chine for the execution printing process. The computer pro-
gram controls the nozzle and base, which converts the object’s
dimension into the X, Y and Z, coordinates for printing. The
filaments of the three thermoplastic materials (acrylonitrile
butadiene styrene (ABS) plastic, epoxy resin and
polytetrafluoroethylene) were unwound from a coil and load-
ed into the extrusion nozzle. At the extrusion nozzle, the fila-
ments were heated to the molten temperature followed by
subsequent extrusion through the nozzle to the base. The

horizontal and vertical movement of the extrusion nozzle over
the extruded product draws some objects into the base. The
product is extruded layer by layer at the base to create a three-
dimensional object. As soon as one layer is finished, the noz-
zle moves in the Z-direction to the next layer. The melted thin
layer cools and hardens, thus binding successive layers togeth-
er to form a 3D printed part.

3 Results and discussion

The distribution of stresses in the material during loading is
presented in Fig. 5 a–d. The Von Mises stresses as presented
are essentially the resultant of all the normal and shear stress
impact on the modelled part. It presents information on the
isotropic response of the material, and whether it will yield

Fig. 3 a, b Loading and boundary condition definitions on the CAE

Fig. 4 The schematics of the
printing process
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(a) ABS (b) Resin

(c) Teflon

(d) Graphical representation of the stress distribution across the horizontal length to the 

accessory. 

Fig. 5 a ABS, b Resin, c Teflon, d graphical representation of the stress distribution across the horizontal length to the accessory
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(a) ABS (b) Resin

(c) Teflon

(d)  Graphical representation of the max principal plastic strain distribution across the 

horizontal length of the accessory.

Fig. 6 a ABS, b Resin, c Teflon, d graphical representation of the max principal plastic strain distribution across the horizontal length of the accessory
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(a) ABS (b) Resin

(c) Teflon

(d) Graphical representation of the maximum principal elastic strain distribution across the 

horizontal length of the accessory.

Fig. 7 aABS, bResin, c Teflon, d graphical representation of the maximum principal elastic strain distribution across the horizontal length of the accessory
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(a) ABS (b)  Resin

(c) Teflon

(d) Graphical representation of the downward displacement across the horizontal length of 

the accessory.

Fig. 8 a ABS, b Resin, c Teflon, d graphical representation of the downward displacement across the horizontal length of the accessory
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when subjected to complex loading conditions. The pictorial
representation shows a similarity in the stress profile in the
three different materials considered after loading. This simi-
larity is corroborated by the stress against horizontal distance
(y-axis in this case) graph where the values correspond per-
fectly. This thus gives an indication of how the stresses will be
distributed in the final product, given the same magnitude of
load, irrespective of the material it is made of. The maximum
stress recorded for the three materials was 73.74 kPa, which is
much less than the yield strength of any of the three materials
under consideration (between 41 and 85 MPa). This indicates
that the product from any of these three materials will not fail
under the conditions of static loading and will more likely
hold more weights, whose values are greater than the current
design weight. The similarities in the stress profiles coupled
with the fact that the maximum stresses are lower than the
yield strength of the threematerials indicate the three materials
possess excellent strength for the required service condition.

The maximum principal plastic strain result is shown in
Fig. 6a–d. This also lends some credence to fact that the
structural integrity is guaranteed for the design load. There
is zero plastic shear strain in the model of the developed
product for all the materials considered. The plastic strain
is a measure of the strain when the component is subjected
to stresses beyond the yield point. The results obtained
indicated that all the plastic strains in the modelled parts
are elastic; hence, the final product will exhibit a typical
isotropic elasticity that most engineering materials exhibit,
with the part returning to its original shape when the load is
removed.

Figure 7 a–d show all the elastic strains of the component
part. The elastic strain is a measure of the strain when the
component is subjected to stresses beyond the yield point.
The profile of the elastic strains are also seen to be identical,
with most of the strains concentrated on the top surface close
to the fixed point, but varying in magnitude as shown in the
strain vs length plots for the three materials under consider-
ation. The elastic strain distribution for the ABS material
ranges between 1.324e-08 and maximum value of 3.337e-
05. For the epoxy material, its elastic strain distribution ranges
between 2.951e-09 and maximum value of 7.438e-06, while
that of the Teflon ranges between 1.248e-08 and maximum
value of 3.125e-05. From the results, it can be concluded that
the epoxy resin provides the best results, experiencing the
least amount of strain followed by Teflon while ABS has the
highest value of strain due to the stress induced under the
required service condition.

The vertical deflections due to loading are presented in
Fig. 8a–d. The deflections in the pictorial representations are
magnified to give a clearer visualization of the change in the
downward displacement of the product when loaded.
Maximum deflections of between 0.00916 and 0.0411 mm
were recorded which in real life may not be easily noticeable
and as such it is insignificant to affect the functional require-
ment of the final product. The deflection distribution for the
ABS material ranges between − 4.112e-05 and maximum val-
ue of 4.384e-08. For the epoxy material, its deflection distri-
bution ranges between − 9.164e-06 and maximum value of
9.77e-09, while that of the Teflon ranges between − 3.849e-
05 and maximum value of 4.103e-05. The trend in the elastic
strain results is reflected in the deflections, with the material
with the least elastic strains (Resin) also showing the least
downward deflection in response to the applied load, followed
by Teflon and then ABS.

Figure 9 shows the interior of the printer before cou-
pling while the coupled 3D printer developed for
manufacturing. It was used for the manufacturing of the
railcar accessory (fire extinguisher mount) shown in
Fig. 10. The development of the machine had been report-
ed earlier with recommendations for the optimization of
the motion transmission mechanism and improvement in

Fig. 9 The 3D printer

Fig. 10 The 3D printed models (fire extinguisher mounts)
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the print efficiency. It was also recommended that the me-
chanical, thermal and surface roughness properties of
printed materials be improved with the machine enabled
to print different mix of materials in a single print opera-
tion [20]. It is in respect of this that the computer-aided
simulation-based approach was employed for the determi-
nation of the mechanical properties of the three different
print materials. The analysis of the results obtained showed
that the developed product (fire extinguishing mount) pos-
sesses excellent strength that will ensure satisfactory rigid-
ity under the required service conditions.

Although the additive manufacturing machine can be used
for manufacturing other components for other applications.
The scope of this work is limited to the development of a
railcar accessory (fire extinguishing mount) and its perfor-
mance evaluation.

In terms of the cost effectiveness, the manufacturing
cost is a function of material employed, energy require-
ment and the printing time. The time of printing, however,
depends on the part to be produced. The larger the size, the
higher the production time and vice versa. This is because
each of the layers produce often require substantial time to
set before another one is added to it. In addition, compo-
nents with dimensional irregularities or complex geome-
tries will also require more printing time compared to the
ones with simple shapes.

4 Conclusion

The computer-aided simulation and performance evaluation
of a 3D printer were carried out in this study. The additive
component manufacturing was limited to the railcar accessory
(fire extinguishing mount). The modelling and simulation
were carried out in the ABAQUS® 2016 environment. The
performance evaluation carried out with the numerical and
physical experimentations showed that the three printing
materials evaluated, namely acrylonitrile butadiene styrene
(ABS) plastic, epoxy resin and polytetrafluoroethylene
have good mechanical properties that will ensure satisfac-
tory strength under different loading conditions judging
from the numerical analysis of the 3D printed models.
The findings of this work provide a template for harnessing
the prospects of additive manufacturing for high or low
production in the manufacturing industry. Furthermore, it
will also assist manufacturers in their quest for innovative-
ness in product development as well as reduction in the
manufacturing lead time and cost. The production can be
scaled using several physical models directly from the
manufacturing digital data in ensuring a cost effective pro-
cess and the development of a production process with
rapid product development cycle.
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