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Abstract. Synthetic bone scaffold must possess a good balance of porosity and mechanical strength for success of the
tissue engineering process. With availability of additive manufacturing (AM) technology, it is possible to fabricate porous
scaffolds with customised porosity, pore shape and size; which was rather difficult for the traditional processes. This
paper presents design, analysis and additive manufacturing of ABS porous bone scaffolds. It also compares mechanical
behaviour of the porous scaffolds with different pore geometry. Initially, two CAD models with same porosity but
different pore geometry were created in Solidworks®2016. Then, finite element analysis (FEA) of both the scaffolds was
conducted in ANSYS® Workbench for von-Mises stress, elastic strain and total deformation by applying a compressive
load of S00N. On comparing, stress-strain curve of scaffold with cylindrical channels found to be steeper than scaffold
with cuboid channels. Moreover, Young’s modulus of scaffold with cylindrical channels (2587 MPa) was found greater
than the scaffold with cuboid channels (2512 MPa). Stress-strain curve obtained via physical testing of specimens also
found to follow similar tends. This result leads to conclude that scaffolds with cylindrical channels can withstand more
loads in comparison with scaffolds with cuboid channels for the same porosity.

Keywords: additive manufacturing; compressive strength; finite element analysis; porosity; porous bone scaffold; fuse
deposition modelling.

Introduction

Additive Manufacturing (AM), originally introduced in 1980s with the name rapid prototyping, is an umbrella
term for a host of manufacturing processes, which can fabricate physical part directly from a CAD model in additive
manner [1]. ASTM International has classified AM technologies into seven major categories; namely, vat photo-
polymerisation, material extrusion, binder jetting, material jetting, powder bed fusion, sheet lamination and directed
energy deposition [2]. AM has been maturing day by day for more than past 35 years and today with increased
technological knowhow and range of materials, it has become capable of producing even end-use functional components
in metal, polymer and ceramics [3-5]. One of the key advantages of AM is the ability to produce complex shapes and
geometries such as pre-designed lattice structures to reduce weight, that are very difficult or even impossible for other
manufacturing processes [6-8]. To fabricate a part via AM process, initially, one need to have a CAD model in STL
(STereoLithography or Standard Triangulation Language) format, which is then converted into sliced model and finally
one slice at a time is sent to the AM machine, where part gets fabricated in layer by layer manner [9, 10].

Bone tissue engineering (BTE) is one of the fastest growing technologies, which is capable of developing
implantable bone substitutes for large sized bone defects that cannot heal on their own [11-12]. The success of BTE
depends on a supporting structure known as scaffold. This scaffold is expected to possess adequate porosity so that new
tissues can grow properly and nutrients can flow inside it without any obstruction [13]. Moreover, it should also possess
adequate mechanical strength so that it can withstand the pressure exerted by the growing tissues (for in vitro applications)
as well as skeletal pressure in case of in vivo applications [14-16]. In addition to existing auto and allograft procedures,
surgeons have been trying synthetic bone grafts for past few years. Synthetic bone graft employs a porous scaffold to
seed, proliferate and mature the stem cells. Traditional scaffold making methods such as salt leaching, freeze drying,
electro spinning suffer by several limitations, like difficulty in creating customised porosity, pore size, shape etc. [17-18].
In recent years, AM has emerged as a promising alternative to traditional methods for fabricating such customised
scaffolds for BTE applications. A synthetic scaffold must have a good balance of porosity and mechanical strength so
that it can allow free flow of nutrients and oxygen through proliferating stem cells as well as withstand the pressure
exerted by the sprouting cells. Customized porosity, pore size and shape in scaffold can be designed during CAD model
development. The objective of this study is to evaluate and compare the mechanical properties of acrylonitrile butadiene
styrene (ABS) porous scaffolds with different pore geometry but same porosity by simulating their behaviour under
compressive loading via FEA and physical testing of the additively manufactured specimens.
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2.Material and Methods

2.1 Material

Acrylonitrile butadiene styrene (ABS) is one of the biocompatible materials processed by different AM processes [19]. It
is an impact resistant thermoplastic polymer of three different monomers. Polymerization of different monomers imparts
excellent physical, mechanical, chemical and electrical properties to ABS. It has been employed for making of variety of
items such as pipe, telephone bodies, kitchen appliances, automotive components, wheel cover, helmet, toys, show-pieces
etc. for past several years [20]. In recent years, it has been used in medical field also. Apart from manufacturing
respiratory, auto-injection and infusion devices, it has also been applied to print miniature prosthetic implants, such as
middle ear prostheses [21-23]. However, ABS can be used in medical applications when supplied in certified medical-
grade formulations. These grades comply with ISO 10993 and often meet USP Class VI requirements, including
cytotoxicity, sensitization, and irritation testing. These grades are suitable for non-implantable components such as device
housings and surgical instrument handles. Regulatory acceptance typically requires compliance with agencies, such as
U.S. Food and Drug Administration or EU MDR guidelines, along with material traceability and risk assessment. Standard
ABS is generally not recommended for long-term implantable applications due to limited long-term bio-stability and
potential additive leaching.

2.2 Methodology

Methodology adopted to conduct this study is presented in Figure 1. Initially, a suitable specimen shape and size
was chosen for ABS material. The dimensions of the specimen were chosen according to ISO-604 standard. Then, CAD
models with two different pore geometries were created with almost same porosities by hit and trial method. Then the
CAD model was imported into ANSYS® Workbench to perform static structural analysis and compare von-Mises stress,
elastic strain and total deformation using finite element method. After that, porous specimens were additively
manufactured via fused deposition modelling (FDM) technology. Finally, results obtained via FEA and physical test were
compared for both the pore geometries.
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Fig. 1. - Methodology

2.3 CAD Modelling

A cuboid shaped specimen (25.4 mm x 12.7 mm X 12.7 mm), according to ISO 604 standard for compression
testing was chosen for this study [24]. Two different CAD models of porous scaffolds were prepared with cuboid and
cylindrical shaped pore channels using Solidworks®2016 software. Initially, several designs were prepared with slightly
different sized channels to obtain the equal porosity. Initial designs were investigated with increasing number of channels
(from 1, 2, 4, 8, 9 and 18) in three mutually perpendicular directions. Figures 2(a) and 2(b) show the CAD model of the
porous scaffolds with cuboid and cylindrical channels.
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Table 1. Specifications of CAD models of porous scaffolds

Characteristics Cuboid channel Cylindrical Channel
CAD model dimensions (mm) (LxBxH) 254x12.7x12.7 254x12.7x12.7
Cross section of channel (mm) 0.73x0.73 @ 0.83
No. of channels along x,y and z-axis 18x9x9 18x9x9
Vol. of solid CAD model (mm?) 4096.77 4096.77
Volume of porous CAD model (mm?) 1941.97 1936.22
Porosity (%) 52.60 52.74

Fig. 2. - CAD model of porous scaffolds with (a) cuboid channels, (b) cylindrical channels

2.4 Finite Element Analysis

The behaviour of both the porous scaffold models under compressive loading has been simulated via finite element
analysis using ANSYS® Workbench. The material properties of ABS plastic were used from the software itself (Poisson
ratio = 0.35, Young’s modulus = 2000 MPa). Initially, the model from Solidworks®2016 was imported in ANSYS®
Workbench. For applying boundary conditions, one side (square face i.e. 12.7 mmx 12.7 mm) of the scaffold model was
fixed and compressive load of 500 N was applied on other side of the scaffold. The load was applied along the length of
model. The model was compressed at about 5% of its height and 1s time period at an increment of 0.01s was set. Then,
static structural analysis under compression loading was performed on both CAD models. The results for von-Mises
stress, elastic strain and total deformation were recorded. Simulated results were rendered in different colours to indicate
the safety level of the models. The values of equivalent stress and strain were recorded to plot the stress-strain curve and
calculate the Young’s modulus for both the structures.

2.5 Additive Manufacturing

Porous specimens used in this study were printed using FDM process. In FDM process, a solid wire filament is
passed through a heated extruder head, wherein it gets melted, extruded and finally deposited onto a substrate in layer by
layer manner [25]. The extruder head is moved in xy-plane according to data obtained from the sliced model. Data of one
slice is sent at a time to printer, which results in one layer. The substrate moves down by one layer thickness after printing
each layer. Printing continues until full part is printed. Pratham 6.0, an FDM printer, shown in Figure 3(a), has been used
to print the porous specimens. It is a heavy duty, industrial grade printer with a build volume of 600 mm x 600 mm x 600
mm. The specimens were printed on the following parameters, layer thickness: 0.2 mm and printing speed: 20 mm/sec.
Three specimens of each type were printed. Photographs of the printed specimens are shown in Figure 3(b) and 3(c).
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Fig. 3. - Photograps of a) FDM printer Pratham 6.0, b) scaffolds with cylindrical channels, c) scaffolds with cuboid channels

2.6 Testing of Compressive Strength
Compressive strength of printed porous specimens was tested on Tinius Olsen HSKL, a computerized compression
testing machine with 5 kN load-cell and a cross-head loading rate of 2 mm per minute.

3. Result and Discussions

The simulated results for both the scaffold structures i.e. cuboid and cylindrical channels were obtained using
ANSYS® Workbench. The rendered images with colour coded scale of both the structures for von-Mises stress, elastic
strain and total deformation are shown in Figures 4, 5 and 6 respectively. In all the cases, load is applied on the top surface
and bottom surface is fixed. The area where maximum and minimum stress and strain developed is shown in Figures 4
and 5 respectively.
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Fig. 4. - ANSYS results for von Mises stress of scaffolds with (a) cylindrical channels (b) cuboid channels
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Fig. 5. - ANSYS results for equivalent elastic strain of scaffolds with (a) cylindrical channels (b) cuboid channels
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Similarly, the amount of deformation can be seen with the help of rendered image and corresponding scale in Figure 6.
Maximum deformation occurs at the face where compressive load is applied; which gradually decreases towards the fixed
end and becomes the minimum at the fixed surface.
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Fig. 6. - ANSYS results for total deformation of scaffolds with (a) cylindrical channels (b) cuboid channels

In Figure 7, stress-strain diagram obtained from linear static simulation for both the structures is shown. It can be
seen that stress-strain curve of scaffold with cylindrical channels is steeper than the cuboid channels. This indicates that
more force is required to compress the cylindrical channels than cuboid channels. The cylindrical channel consistently
exhibits higher stress values at the same strain levels, demonstrating superior structural stiffness. From the slope of the
curves, the effective elastic modulus of the cylindrical channel is approximately 25-30% higher than that of the cuboid
channel. The cuboid channels consist of sharp edges, where stress concentration occurs that is responsible for lower elastic
modulus. Therefore, it can be concluded that structure with cylindrical channels offers better elastic modulus and stiffness
in comparison with cuboid channels.
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Fig. 7. - Stress-Strain curve for scaffolds with cylindrical and cuboid channels via FEA

Figure 8, presents a comparison of Young’s modulus of scaffolds with both the structures. Young’s modulus of
scaffold with cylindrical channels is 2587 MPa, which is greater than the scaffold with cuboid channels (2512 MPa). This
is because the strut region of the cylindrical channels is larger than the cuboid channels and offers more resistance.
Moreover, sharp edges present in cuboid structure also make it slightly weaker. There is a difference in total deformation
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of both the structures as well, as can be seen from the Figure 9. For cylindrical structure, it is 0.1036 mm; whereas for
cuboid structure, it is 0.1077 mm. This also indicates that cylindrical structure possesses better compressive strength.
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Fig. 9. - Total deformation of scaffolds with cylindrical and cuboid channels

The stress-strain curves obtained via compressive testing of physical specimens are shown in the Figure 10. It is
clear from the Figure that scaffolds with cylindrical channels exhibit better mechanical performance in comparison with
scaffold with cuboid channels.

On comparing Figure 7 and Figure 10, it can be observed that physical testing confirms results of FEA to some
extent. The simulated and actual stress-strain curves show similar trend in elastic region. However, slight difference in
stress and strain values in simulated and actual results may be due to the fact that Figure 7 represents an ideal linear static
simulation, where the material and geometry are assumed to be perfectly elastic and free from imperfections. In contrast,
Figure 10 is based on experimental results, where factors such as machine compliance, specimen alignment, surface
contact effects, and minor geometric imperfections slightly reduce the initial stiffness, causing small deviations from
perfect linearity. Moreover, slight variation in structural details between CAD model and actual fabricated specimens
may also be responsible for introducing slight variation in results.

86



Material and Mechanical Engineering Technology, Nel, 2026

| e Prssorissnns s s frscnsistas -
T T SO S S—
AN | SESEEERE s T e PSSR SR s =
S : Cylindrical | ! !
~ | ‘Channel ' :
7] 1 1 1 1
5 | | l l
5 10 p---meene- e TR i gt R SR T
S ‘ ‘ ' : :
! ! Cuboid ! ! ;
I | Channel | | !
S | e T 3 T e e
0 ! ; ' ; A
0 0.001 0.002 0.003 0.004 0.005 0.006
Strain (mm/mm)
Fig. 10. - Stress-strain curves of porous scaffolds via physical testing
Conclusions

This study investigated the design, modeling, finite element analysis (FEA), and 3D printing of two distinct porous
bone scaffolds, one featuring cylindrical channels and the other with cuboid channels. The CAD models for both scaffolds
were created using SolidWorks® 2016 software, and their porosity was kept identical to ensure a fair comparison of their
mechanical performance. The mechanical properties of the scaffolds were initially assessed using FEA in ANSYS®
Workbench, where both scaffolds were subjected to a 500 N compressive load. The FEA results were carefully analyzed,
focusing on total deformation, equivalent stress, and strain, which were then validated through experimental compression
testing of the additively manufactured specimens. The stress-strain curves obtained from the experimental data were found
to be consistent with the FEA predictions, further validating the computational approach. Notably, the scaffold with
cylindrical channels exhibited superior strength under the same porosity compared to the cuboid-channel scaffold,
highlighting its potential as a more robust design for bone tissue engineering applications. These findings provide valuable
insights for researchers in the field, suggesting that cylindrical-channel scaffolds may offer enhanced mechanical
properties.

Furthermore, this study paves the way for future research, with opportunities to explore a broader range of
structural designs, varying pore shapes, porosity levels, and materials to optimize scaffolds for diverse bone regeneration
applications [26-27]. From a BTE perspective, such geometrical optimization becomes particularly relevant when applied
to widely used biodegradable materials such as polycaprolactone (PCL) and polylactic acid (PLA), which are extensively
employed in additively manufactured scaffolds due to their biocompatibility and tunable degradation behaviour [28].
Therefore, cylindrical-channel architectures fabricated using PCL or PLA may offer improved mechanical reliability for
load-bearing bone regeneration applications.
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