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Abstract
Bone Tissue Engineering (BTE) focuses on restoring tissues that have lost their function due to disease or trauma. Porous 
artificial scaffolds are used in order to restore the structural functions of bone tissues. In recent years, Additive Manufacturing 
(AM) technologies that can be integrated into Computer-Aided Design (CAD) software have shown great potential in 
this field. The use of AM technologies in the production of bone scaffolds made it possible to construct structures with 
appropriate mechanical properties and different configurations. In this study, artificial bone scaffolds designed using bio-
inspired geometries and Computer-Aided System for Tissue Scaffolds (CASTS) library were printed by Fused Deposition 
Modeling (FDM) method using Acrylonitrile Butadiene Styrene (ABS) and Polylactic Acid (PLA) materials. The aim of 
this study is to investigate the effects of bone scaffolds created with bio-inspired microstructures on dimensional accuracy, 
weight, mechanical performance, structural strength, porosity and pore size. According to the test results, PLA printed 
scaffolds have better results than ABS printed scaffolds in terms of dimensional accuracy, porosity, pore diameter and weight. 
Among the PLA-printed scaffolds, the high pore diameter of the scutoid geometry resulted in low mechanical strength. In 
terms of porosity, the icosahedron geometry gave better results than the cubic structure. Therefore, PLA-printed icosahedron 
geometry can be considered as the most suitable scaffold type for bone tissue regeneration.
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Abbreviations
ABS	� Acrylonitrile butadiene styrene
AM	� Additive manufacturing
β-TCP	� Beta tricalcium phosphate
BG	� BioGlass
CT	� Computed tomography
CAD	� Computer-aided design
CASTS	� Computer-aided system for tissue scaffolds
ECM	� Extracellular matrix
FDM	� Fusion deposition modeling
HA	� Hydroxyapatite
MRI	� Magnetic resonance imaging
ME	� Material extrusion
PCL	� Polycaprolactone
PGA	� Polyglycolic acid
PLA	� Polylactic acid
3D	� Three dimensional

BTE	� Bone tissue engineering
TCP	� Tricalcium phosphate

Introduction

The healing ability of the bone is insufficient in the 
regeneration of bone defects caused by cancer, trauma, 
fracture, infection and accident [1, 2]. In such challenging 
cases, tissue transplantation is performed in the same 
individual (autograft) or bone tissue from a deceased 
individual (allograft) is used [3, 4]. Bone Tissue Engineering 
(BTE), which is a multidisciplinary approach related to 
fields such as mechanical engineering, genetics, clinical 
medicine, materials science, biology, includes studies 
on the regeneration of damaged bone [5]. BTE aims to 
restore and replace lost tissue functions by overcoming 
difficulties and limitations in the treatment process. In bone 
regeneration, properties of the Extracellular Matrix (ECM) 
such as mechanical support, cellular activity, and protein 
production through biochemical and mechanical interactions 
are mimicked [6, 7].
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Bone scaffolds task as carriers for growing bone tissue, 
cartilage, skin, blood vessels, nerves and muscles [8]. 
Biocompatibility and biodegradability are important 
considerations to obtain bone scaffolds with high mechanical 
strength and porosity [9, 10]. Hierarchically increasing 
porous micro and nanostructures from cancellous to cortical 
bone determine the mechanical strength of the bone. The 
interconnected porous scaffolds, which are important for the 
growth of bone tissue, are responsible for the removal of 
waste materials, vascularization and cell growth [11, 12]. 
Although high porosity is important for the diffusion of 
nutrients, excessive porosity reduces the mechanical strength 
of the scaffold and causes it to be damaged under the force 
applied by the growing cells [13]. Therefore, Gregor et al. 
[14] stated that 90% and above porosity is not necessary.

Conventional methods such as salt leaching, gas foaming, 
solvent casting, phase separation, freeze drying are used in 
the production of artificial bone scaffolds for TE. However, 
it is very difficult to control pore geometry, pore size and 
distribution of the pores with them. Besides, these methods 
characterized by poor repeatability [15]. The limitations of 
conventional methods lead to the use of popular production 
methods such as Additive Manufacturing (AM) in BTE 
applications. AM provides high accuracy, repeatability, 
controlled porosity and rich material diversity, as well as 
making it possible to produce complex microstructures with 
the advantages it offers in the control of scaffolds structures 
[16]. The production of customized, free-form scaffolds in 
various stiffness levels is possible with AM that can control 
pore size and pore shape directly from Computer Aided 
Design (CAD file data without the need for a die [17–19].

The necessary data for the Three-Dimensional (3D) 
scaffold models to be created in CAD software are 
obtained by medical imaging techniques such as Computed 
Tomography (CT) and Magnetic Resonance Imaging 
(MRI) [20]. Different methods such as CAD-based design, 
image-based design, implicit surface design, topology 
optimization, and space-filling curves are used in the design 
of bone scaffolds that affect cell behavior and mechanical 
properties [21]. In addition to these methods, biomimetic-
based approaches are used to obtain the closest geometry 
to the bone structure in the bone scaffold design [22, 23].

In the literature, these studies mostly focused on the 
image-based design method to imitate the structure of 
natural bone. An analytical image of the damaged area is 
obtained with medical imaging methods such as CT and MR 
and combined with the internal pore architecture created on 
a CAD platform with Boolean operations and the scaffold 
image is created [24, 25]. On the other hand, by using bio-
inspired cellular units in the CASTS system, scaffolding 
architects closest to the natural bone structure can be 
obtained directly. In this approach, bio-inspired cellular 
structures are used, inspired by microorganisms existing in 

nature [21]. It is aimed to design high performance cellular 
structures inspired by structures existing in nature such as 
honeycomb, shark skin denticles, turtle rib and wheat awn 
[26–28]. Ghazlan et al. [29] developed a new bio-inspired 
cellular structure mimicking the thin-walled structure of 
trabecular bone. The resulting structure was compared with 
conventional hexagonal and re-entrant designs. Another 
study by Ghazlan et al. [30] developed a new cellular unit 
inspired by the complex cellular structure of trabecular bone.

Therefore, the main objective in the design of artificial 
bone scaffold is to obtain the geometry closest to the structure 
of the naturel bone. It is extremely difficult or impossible to 
produce scaffolds designed in computer environment with 
conventional manufacturing methods [2]. With the integration 
of CAD software into AM technologies, pore shape, pore 
size and porosity can be controlled during the pre-production 
design phase [31]. In CAD based design, which is one of the 
most widely used methods in the scaffolding design process, 
porous scaffolds are obtained by periodically increasing 
cellular units such as cylinders, cubes and prisms [32]. In 
the nature bone structure, different from these primitive 
structures, there are some irregular and gradient pores array 
unit cell geometries [33, 34]. Cellular unit design has a direct 
impact on the mechanical performance of porous scaffolds. 
For this reason, there are studies focusing on cellular structure 
design in the literature [35–37].

Different AM technologies may need to be used for 3D 
printing of different biomaterials that affect the performance 
of artificial bone scaffolds [2]. Biopolymers, bioceramics, 
biocomposites and biometallic materials are used to obtain 
the scaffold structure closest to natural bone [38]. Polymeric 
and metallic materials have long been used as load-bearing 
biomaterials [39]. Metallic materials are more suitable for 
load-bearing areas such as the spine, pelvis, and chest [40–42]. 
Polymeric materials are used in dental implants, prostheses 
and anatomical models, as well as in bone regeneration due 
to their biocompatible and biodegradable properties [43]. 
Bioceramics are mostly used as fillers in bone defects [43].

Artificial bone scaffolds are mostly produced from 
biodegradable natural or synthetic polymers so that they 
can be fully resorbed and perform the mechanical function 
until the defected tissue is regenerated [15]. Among AM 
technologies, there are three main methods using synthetic 
polymers: extrusion-based 3D printing, laser/light assisted 
3D printing, and inkjet 3D printing [44, 45]. Material 
extrusion (ME) is the most widely used 3D printing method 
in synthetic polymer applications. Besides synthetic 
polymers, bioactive ceramics and composites are widely used 
in ME [46]. Synthetic polymers are preferred in BTE studies 
due to their controlled degradation rates [47]. In addition, 
synthetic polymers can be produced in complex shapes, at 
low cost, in large quantities, and have a longer shelf life [46]. 
Among the most used synthetic polymers in bone scaffold 
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studies, Polylactic Acid (PLA) [48–51], Acrylonitrile 
Butadiene Styrene (ABS) [52–54], Polycaprolactone (PCL) 
[55, 56] and Polyglycolic Acid (PGA). Bioactive Ceramics 
such as Hydroxyapatite (HA), Tricalcium Phosphate (TCP), 
Beta Tricalcium Phosphate (β-TCP) and BioGlass (BG) 
chemically imitate bone, as they have high compressive 
strength and low ductility [57]. Because of these properties, 
to increase the biocompatibility of polymer bone scaffolds, 
either polymer scaffolds are coated with these materials 
[58–61] or biocompatible polymer-ceramic composites they 
are created and used [62–67].

While the bioactivity of the materials used in the 
production of artificial bone scaffolds is important to support 
bone attachment and osteocompatibility, their biodegradability 
is necessary for the growth of bone tissue [68]. Poly(l-
lactide), one of the polymers that is well biodegradable and 
has high biocompatibility [69, 70], has been approved by 
the United States Food and Drug Administration for its use 
in tissue engineering [71]. Thus, PLA is a biocompatible, 
biodegradable, non-toxic, and resorbable aliphatic polyester 
characterized by its high melting temperature (160 ºC) [72]. 
In addition to these properties, it is used in biomedical 
scaffold studies due to its non-inflammatory properties 
against the human body [72]. Besides, due to successful 
biodegradability and biocompatibility, PLA is widely used in 
BTE applications [73, 74]. ABS materials are also a subject of 
research as a potential material in bone scaffold applications. 
ABS has advantages in terms of dimensional stability, 
tensile strength, surface hardness and chemical properties. 
ABS used in 3D printing processes in various fields are also 
preferred in BTE applications [75, 76]. However, there are 
limited studies comparing ABS and PLA in the production 
of porous scaffolds with AM. Krishna et al. [51] compared 
porous scaffolds produced with ABS and PLA materials in 
terms of mechanical properties and porosity. Ariffin et al. 
[52] compared the performance of circular and rectangular 
scaffolds by measuring the compressive strength and elastic 
modulus of porous ABS scaffolds produced by 3D printing. 
Rosenzweig et al. [54] compared ABS and PLA scaffolds for 
cell ingrowth, viability, and tissue generation.

In the literature, there are some studies in which ABS and 
PLA materials are prepared jointly. It is stated that ABS/
PLA composites show poor mechanical properties [77]. It 
is seen that Graphene Nanocomposite structures are used 
in PLA/ABS composite structures to strengthen the weak 
mechanical properties of PLA/ABS composites [78]. There 
are also studies using epoxy made of Styrene Acrylonitrile 
and Glycidyl Methacrylate (SAN-GMA) to increase the 
mechanical properties of PLA/ABS composites. Studies 
have shown that the SAN-GMA epoxy mixture improves 
the mechanical properties of PLA/ABS composites [79, 80].

Pore size, porosity and mechanical properties affect 
the performance of bone scaffolds [21]. High porosity 

increases the surface area per unit volume, while pore 
size is important for cell migration and infiltration [11]. 
Additionally, interconnected pores, are directly effective in 
cell growth, nutrient delivery, vascularization, and removal 
of waste materials [21]. There are studies in the literature 
investigating the porosity and mechanical properties of 
CAD-based artificial bone scaffold designs [2, 81–83]. 
The design of the scaffold affects cell behavior and the 
mechanical properties of bone [84]. On the other hand, 
there are studies in the literature that perform biological 
experiments as well as mechanical tests to determine the 
effect of pores on bone tissue regeneration [85–87]. The 
results of biological experiments show that the produced 
scaffolds have significant potential for bone repair.

In this study, scaffold designs developed using bio-
inspired cellular units were compared in terms of dimensional 
accuracy, weight, porosity, pore size and mechanical 
properties. The porosity and mechanical properties of the 
scaffolds designed in CAD software were compared with 
PLA and ABS-P430 printed scaffolds and the dimensional 
accuracy of extrusion-based AM technologies was evaluated. 
The importance of microscopic evaluation of artificial bone 
scaffolds is to determine the effect of different cellular unit 
designs on porosity. The focus of the study is to determine 
the effect of bio-inspired cellular units, used for the first time 
in the literature, on bone tissue regeneration. Additionally, 
due to the limited BTE study using ABS-P430 [53, 88], 
the results of the study include the findings of 3D-printed 
artificial bone scaffolds to be produced using ABS-P430.

The following sections of this paper are organized as 
follows. Section "Materials and Methods" includes research 
methodology. In Section  "Results and Discussions", 
results and findings are presented. Finally, conclusions are 
presented in Section "Conclusions".

Materials and Methods

In this study, three different unit cells were designed and 
produced using the FDM method, utilizing the unique design 
freedom provided by AM technologies. The measurement 
accuracy of 3D printed PLA and ABS scaffolds was tested 
and compared in terms of mechanical strength.

Materials and 3D Printers

The 3D bone scaffolds designed in the study were produced 
with PLA and ABS. The density of PLA is 1.24 g/cm3, 
tensile strength 110  MPa, tensile modulus 3.309 GPa, 
melting point 160  °C and filament diameter 2.85  mm. 
The production of PLA scaffolds was carried out with the 
Ultimaker 3 (Ultimaker, Netherlands) machine without 
using any support material. The printing parameters have 
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0.4 mm nozzle diameter, are set to be nozzle temperature 
180–280  °C, build plate temperature 100  °C and layer 
thickness 200 microns. During the printing of PLA scaffolds, 
the nozzle temperature was determined to be 210 °C and the 
build plate temperature to 60 °C.

The production of ABS scaffolds was carried out with 
the Stratasys uPrint® SE (Stratasys, Israel) machine using 
SR-30XL soluble support and ABSPlus-P430 filament. The 
density of ABS filament used in printing is 1.04 g/cm3, 
tensile strength 31 MPa, tensile modulus 2.2 GPa, melting 
point 210 °C, filament diameter 1.75 mm and elongation 
at break is 6%. The nozzle diameter of Uprint SE Plus, 
which has double nozzles, is 0.4 mm, nozzle temperature 
180–280 °C, build plate temperature 100 °C, layer thickness 
254 micron and build size 203 × 203 × 152  mm. The 
printing temperature to produce ABS scaffolds cannot be 
determined by the user due to the closed system feature of 
the printer. The printer automatically determines the printing 
temperature in the range of 180–280  °C. The ambient 
temperature is similarly set at 100 °C by the printer.

Scaffold Design

CAD based design of artificial bone scaffolds uses 
bottom-up and top-down design approaches. In the unit 
cell design method used in bottom-up approach, 3D 
scaffold architectures are obtained by creating periodically 
repeating geometric units [89]. Thus, the desired change can 
be achieved on the mechanical properties of the scaffold. 
The design of the scaffold structure affects the mechanical 
properties and cell behavior of the bone [84]. For this reason, 
this process must be managed properly.

With the CASTS library used in the unit cell design, by 
subjecting standard solid units such as cubes, hexagons, 
spheres and cylinders, which are ready to use in CAD 
programs, to boolean operations such as extraction, 
intersection and union, simple scaffold geometries can be 
obtained periodically [90]. The CASTS aims to automate 
the scaffolding design process while shortening the design 
process. The use of bio-inspired designs in this system is a 
good alternative to improve the mechanical performance of 
bone scaffolds, enrich the scaffold library, and increase the 
stability of the structure and tissue energy efficiency [89].

In the study, three different geometries were used in the 
design of scaffold structures. Two of them are bio-inspired, 
the other unit cell is the cubic structure in the CASTS 
library. The scutoid form, inspired by the way cells in the 
epithelial tissue pack together [91], is one of the bio-inspired 
cellular units used in the study. Using this form, scaffolds 
with high porosity and optimum strength can be created by 
mimicking tissue-forming behavior of nature in artificial 
bone and organ production. Another geometric form used in 
the study is icosahedron, which is considered a bio-inspired 

geometry because it reflects the form of many virus shells. 
The unit cells were designed at the same scale using Catia 
software. Thus, the bone scaffold design process consists of 
three main process steps:

•	 Wireframe design of unit cells,
•	 Creation of solid models from wireframes,
•	 Creation of bone scaffold structure by periodically 

reproducing unit cells in X, Y and Z axes.

Therefore, to obtain the 3D scaffold structure, the scutoid 
was first brought together in pairs (the hexagonal and 
pentagonal surfaces should contact each other), then these 
binary structures were increased periodically (Fig. 1).

The dimensions of the designed unit cells are equal 
(2  mm), the heights differ due to the structure of the 
geometries. The height of the scutoid is 4 mm, the height 
of the icosahedron and cubic geometries is 2 mm. Strut 
diameters of all unit cells were determined as 400 µm. Bone 
scaffold structures were obtained with the periodic increase 
of unit cells along the X, Y and Z axes (Fig. 2). In order 
to compare the performance of unit cells equally in terms 
of porosity, mechanical and structural strength, scaffold 
architectures of equal dimensions (20 × 20 × 20 mm) were 
created.

Porosity and Pore Size

Scaffold vascularization is very important in the 
implantation processes of unit cells and structural scaffolds. 
High porosity and large pores increase postoperative 
vascularization and osseointegration of the implant [92]. 
Porosity, pore size and mechanical strength affect scaffold 
performance [12]. The most important property for the 
continued growth of bone tissue is the interconnected 
porosity. Interconnected pores provide waste material 
removal, vascularization, cell growth and nutrient delivery 
to the inner part of the scaffold. High porosity is also 
important to increase the surface area per unit volume 
[11, 12]. For the formation of an ideal bone structure, 3D 
scaffolds must have high porosity and these pores must be 
well connected to each other. Spinal porosity is typically 
between 50 and 90% compared to total nominal volume 
[93]. High porosity is desirable as it provides higher tissue 
growth volume and nutrient transport efficiency. However, 
it is possible that the mechanical strength decreases as the 
porosity increases [94].

In order to determine the porosity ratio of the scaffold 
structures developed in this study, the bulk volumes (VB) of 
the designed cellular units are calculated first (equation (1)). 
Then the volumes of the produced porous units are 
calculated (Vsk) (equation (2)). Porosity is calculated by 
equation (3) [50].
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Fig. 1   From microstructure to 
macrostructure: scutoid unit cell

Fig. 2   Design of scaffold struc-
tures: (a) Scutoid, (b) Icosa-
hedron, (c) Cubic (Ls = 2 mm, 
Sd = 400 µm, L = 20 mm 
H = 20 mm)
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where W, H and L are the width, height and length of the 
scaffold structure, respectively.

where m is the mass of the bone scaffold, it is the material 
density. The density (�mat) is 1.24 g/cm3 for PLA material 
and 1.04 g/cm3 for ABS material.

Different methods such as line intercept, maximal 
covering spheres and largest inscribed circle are used in 
pore size calculation [12, 95, 96]. Egan et al. [93] reported 
that pore size is based on the largest circular cross-section 
diameter (Fig. 3).

In the calculation of pore sizes shown in Fig.  3, 
equation  (4) for cubic cellular unit, equation  (5) for 
icosahedron and equation (6) for scutoid were used. Where 
Ps, Ls and Sd are pore size (mm), edge length of cellular unit 
(mm), strut diameter (mm), respectively.

Finite Element Analysis

3D model was created in CATIA. To determine the stress 
distribution on the scaffold for FEA studies was used by 
ANSYS. Firstly, a unit element is modeled as a wireframe 

(1)VB = W × H × L

(2)Vsk =
m

�mat

(3)Porosity[%] =
VB − Vsk

VB

× 100

(4)Ps =

�

Ls(
√

2 − 1)

�

− Sd

(5)Ps =
LS
√

3

− Sd

(6)Ps = Ls

√

3 − Sd

in 3D environment and then transformed into a combined 
solid model. The unit element, which was converted to 
a solid model in the CATIA, was cloned planarly with a 
length of min 25 mm. In the standard given for pressure 
tests in ASTM-D1621, it is stated that the dimensions 
should be at least 25 mm. Boundary condition was prepared 
in the same way as for the experimental compression 
test setup. Scaffold bottom surface are constrained in all 
directions as DOF = 0. A load of 50 kN was applied to its 
upper surface with a rigid plate.

The mesh quality established for the FEM is of vital 
importance for the calculation result. Mesh sizes used in 
the scaffolds are given in Table 1. Besides, the modulus of 
elasticity and poison rates of the materials used in FEA are 
given in Table 2.

Compression Test

20 × 20 × 20 mm test specimens were produced using 
ASTM D1621-00 standard in order to characterize the 
compression behavior of scaffold models in different 
geometries produced with ABS and PLA materials. 
Samples were tested at different compression rates 

Fig. 3   Pore size identification of 
the cellular units: (a) Cubic, (b) 
Icosahedron, (c) Scutoid

Table 1   FEA elements and nodes quantities

Geometry Nodes Elements Connectivity

Cubic 423,743 1,174,776 TE4/Spider
Icosahedron 137,782 317,483
Scutoid 71,453 196,482

Table 2   Material mechanical properties

Material/Structure Young’s modulus 
(MPa)

Poisson’s ratio

ABS P430 31 0.28
PLA 110 0.29
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in order to infer the effects of compression speed on 
strength. Mechanical tests were performed with a 
computer controlled Schmadzu AG-I 250 kN pressing 
and drawing machine and the results were processed in 
a computer environment. In the compression test, 50kN 
load was applied to the models in vertical direction with 
a speed of 5 mm/min. The test setup is shown in Fig. 4.

Results and Discussions

In the results and discussions section, the effects of three 
different bone scaffold designs printed with PLA and 
ABS on dimensional accuracy, weight, porosity, pore 
size and mechanical strength are discussed comparatively.

Dimensional Accuracy

Bone scaffolds were produced with two different 
materials using the FDM method. PLA scaffolds were 
printed using the Ultimaker 3 printer, while ABS 
scaffolds were printed using uPrint® SE (Fig.  5). 
According to the printing results, PLA scaffolds have 
better surface quality than ABS scaffolds. The problem 
of dissolving the support material in ABS scaffolds has 
reduced the surface quality. On the other hand, PLA 
scaffolds were printed without the use of support material 
and are lighter than ABS scaffolds. Although the density 
of PLA is higher than ABS, the use of support material 
in ABS printing has increased the weight. The weights of 
the printed scaffolds were measured and compared with 
the CAD models (Table 3).

Fig. 4   Compression test setup

Fig. 5   Isometric and top view of 
scaffold structures

 PLA ABS-P430 PLA ABS-P430 

Scutoid 

Icosahedron 

Cubic 
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In order to determine the conformity of the printing 
results with the design expectations, the strut diameters 
and pore sizes of the printed scaffolds were measured with 
the Dino-Lite AM3113T Digital Microscope. According to 
the microscope images, it is seen that the support material 
is not sufficiently dissolved due to the low porosity of the 
cubic structure printed with ABS (Fig. 6). Therefore, these 
structures performed worse than PLA in porosity, internal 
pore and surface quality. Printing PLA scaffolds without 
support material has an effect on this result. In both PLA 
and ABS printed scaffolds, the design expectations are 
met due to the fact that the foot connections and scaffold 
geometries are close to the nominal dimensions. Scutoid 
and icosahedron structures printed with ABS are better 
than cubic structures in terms of geometry, porosity, strut 
connections and surface quality. Scutoid scaffolds printed 
with PLA have the best results in terms of surface quality, 
interconnectivity and porosity.

The measurement results of the printed scaffolds, whose 
strut diameters were measured with a digital microscope, 
were compared with the CAD model. The strut diameters 
of all scaffolds are 400 µm, and the scaffold models were 
designed in dimensions of 20 × 20 × 20 mm. The strut 
diameters of printed PLA scaffolds were measured as 

405 µm for scutoid, 403 µm for icosahedron and 403 µm 
for cubic structure, while the strut diameters of ABS 
scaffolds were measured as 408 µm for scutoid, 406 µm 
for icosahedron and 405 µm for cubic structure (Table 3).

According to the results, PLA scaffolds are more 
consistent than ABS in terms of dimensional accuracy. The 
strut diameters of PLA printed structures deviate maximum 
3.75% from the design diameter and ABS printed structures 
deviate maximum 5.25%. These deviation rates indicate that 
the printing was quite successful. The lowest deviation rates 
were seen in PLA printed icosahedron and cubic structures 
and ABS printed cubic geometry. These results show that 
both geometries have a uniform structure.

Porosity and Pore Sizes

In line with this study, the pore size and porosity of the 
scaffolds after 3D printing were determined and compared 
with CAD models (Table 4). According to the results, the 
scutoid has the highest porosity with 94.7% in PLA printed 
scaffolds. This is followed by icosahedron with 84.1% 
and cubic structures with 67.7%, respectively. The use 
of support materials in the printing of ABS scaffolds has 
reduced the porosity. On the other hand, in ABS printed 

Table 3   Comparison of basic 
dimensions for scaffold models

Structures CAD strut
Ø (µm)

Printed strut
Ø (µm)

CAD weight
(gr)

Printed weight
(gr)

PLA ABS PLA ABS PLA ABS PLA ABS

Scutoid 400 409 416 0.478 0.407 0.52 0.556
Icosahedron 411 418 1.562 1.295 1.574 1.79
Cubic 415 421 3.137 2.674 3.298 3.663

Fig. 6   Micro image of the scaf-
fold structures

Scutoid Icosahedron Cubic 

A
B

S
 

P
L

A
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scaffolds, the structure with the lowest porosity is the cube 
with 55.9%, while the scutoid has the highest porosity 
rate with 93.3%. The porosities of the CAD models of 
the scaffold designs are 96.9% in the scutoid, 90.2% in 
the icosahedron and 79.9% in the cubic, respectively. 
When the deviations in design and printing porosity are 
examined, it is seen that PLA printed scaffolds have lower 
deviations. The results obtained demonstrate the success 
of additive manufacturing to control porosity.

The pore size of a bone scaffold is important parameter 
that affects the quantity and characteristics of new tissue 
formation [97, 98]. The pore size is an important parameter 
that affects the quantity and characteristics of new tissue 
formation. The pore sizes of 10–2250 µm were used in 
BTE studies [98]. Macro porous increase bone ingrowth 
by increasing permeability, while small pores are more 
suitable for soft tissue ingrowth [99]. Bragdon et al. [100] 
reported that mean pore size ≥ 200 µm and porosity ≥ 40% 
were optimal for bone growth. Karageorgiou and Kaplan 
[97] suggested pore sizes > 300 mm due to increased new 
bone formation and the formation of capillaries. Ghayor 
and Weber [101] indicated the beneficial effects of pore 
sizes between 700–1200 µm. Abbasi et al. [99] reported that 
pore sizes between 100–600 mm allow better integration 
with the host bone tissue, subsequent vascularization 
and bone distribution. Roosa et  al. [98] indicated that 
significant bone formation in 800 mm scaffolds.

Besides, there are studies that recommend pore sizes up to 
500–1000 µm for cancellous bones [102] and for cortical bones 
up to 500 µm [8]. In this study, the pore sizes of PLA and ABS 
printed scaffolds varies between 411 and 3025 µm. The pore sizes 
of PLA printed cubic and icosahedron structures are 411 µm and 
722 µm, respectively. In ABS printed scaffolds, the pore sizes 
were measured as 697 µm for the icosahedron and 405 µm for 
the cubic, respectively. Therefore, the results show that cubic and 
icosahedron structures can be used as scaffold geometry with 
both their porosity ratios and pore sizes. The scutoid, which is a 
combination of triangular, pentagonal and hexagonal surfaces, 
has high pore size with 3025 µm for PLA, 3008 µm for ABS. 
However, pore size over 1500 µm is not recommended for 
bone substitutes, as it is a significant disadvantage in terms of 
mechanical strength [101]. This disadvantage can be overcome 
by using a smaller unit cell or by reducing the pore size with 
additional struts, but this results in low porosity.

FEA Analysis Results

Finite element analysis (FEA) was used to determine 
the strength properties of structures under load. Three 
different scaffold designs created in the dimensions of 
20 × 20 × 20 mm. The von Mises stress, displacement, shear 
force and bending moment values were obtained by applying 
the distributed force over the struts, fixed in all directions 
with the lower struts. The number of elements and nodes 
used in the analysis are given in Table 1.

FEA, which is made to verify the uniaxial compression 
test of models made of two different materials, which are 
considered ductile and isotropic, is critical in determining 
the density of energy required to change the shape of the 
material. When the FEA results obtained in Fig.  7 are 
examined, the geometry with the highest strain resistance 
was determined as PLA printed cubic structure. The reason 
for this is that there are many vertical rods per unit element. 
It is seen that the material effect is low in the von Mises 
stresses in the cubic structure. It can be said that the use of 
PLA and ABS materials does not change the stresses.

In cubic structure, it is seen that the loads on the vertical 
axis accumulate in the cross-sections on the vertical axis 
(Fig. 7). In icosahedron structure, it is seen that the stresses 
change significantly with the use of ABS and PLA materials. 
Obtained reaction forces have very significant changes by 
geometries when the displacement value of 5 mm is applied. 
The model with the highest reaction forces emerges as cubic, 
icosahedron and scutoid structures, respectively. However, 
when the total displacement values were examined, it was 
observed that the highest values were 13.75 mm (for ABS 
P430) and 11.62 mm (for PLA) in the scutoid geometry due 
to the length of the vertical struts. The stress value obtained 
on the cubic scaffold produced with PLA material was 
296.51 MPa. Due to the low amount of elastic elongation, 
while the stress values increase, it also causes the reaction 
force to be increased. Similarly, these results also show 
that the cubic geometry provides the highest strength 
296.51 MPa (for ABS P430) and 191.68 MPa (for PLA) 
among the three scaffolds.

Shear stress is more of a geometry-related issue, it is 
difficult to say precisely because of the materials. When the 
buckling moment is examined, although the flexibility of the 
material is important, there is a geometry-induced change 

Table 4   Porosity ratios and pore 
sizes of the different structures

Structures CAD 
porosity 
(%)

Printed poros-
ity (%)

Deviation (%) CAD pore 
size (µm)

Printed pore 
size (µm)

Deviation 
(%)

PLA ABS PLA ABS PLA ABS PLA ABS PLA ABS

Scutoid 96.9 94.7 93.3 1.35 3.7 3060 3060 3025 3008 1.14 1.69
Icosahedron 90.2 84.1 78.4 6.76 13.08 756 756 722 697 4.49 7.8
Cubic 79.9 66.7 55.9 16.52 30.03 428 428 411 405 3.9 5.37
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like the shear strength. Although there is no important 
difference between PLA and ABS material changes, it 
has been observed that there are significant changes due 

to geometry. While the highest buckling moment and 
shear force occurred in cubic with 55 N and 32 N.mm, 
respectively, the lowest values also occurred in scutoid 

Fig. 7   Prediction of nonlinear compressive behavior of ABS P430 lattice structure using Newton–Raphson FEA results: (a) Scutoid, (b) Icosa-
hedron, (c) Cubic

Table 5   Comparison of FEA 
results with ABS and PLA

Scaffolds Reaction force 
[N]

Total displacement
[mm]

Share force
[N]

Bending moment
[N.mm]

Von misses stress
[MPa]

Cubic ABS
P430

25.102 5.03 55.69 32.85 191.68
Icosahedron 5.579 5.39 10.56 26.94 171.45
Scutoid 1.485 13.75 2.04 5.49 54.93
Cubic PLA 29.412 4.27 47.33 29.33 296.51
Icosahedron 6.564 4.85 7.22 14.48 254.43
Scutoid 1.748 11.62 1.18 4.41 96.57
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regardless of the material. In Table 5, the FEA results were 
shown by comparing different materials and geometries.

Compression Test

In the compression test, 50 kN load was applied to the 3D 
printed structures in vertical direction with a speed of 5 mm/
min. The deformation rate was determined as 0.0833 mm/
sec in order to better observe the effect of the compression 
speed on the mechanical behavior of the scaffold geometries 
in the compression tests performed to determine the strength 
characteristics of the parts under load. Besides, rapid camera 
images were used to better observe the initiation and 
progress of deformation, so it was determined from which 
area the cells started to be crushed during the crushing.

As seen in Fig.  8, during the compression test, the 
deformation in the directions perpendicular to the 
compression direction is almost non-existent. For this 
reason, it has been determined that the Poisson ratio is 
approximately zero. In similar studies, it is stated that the 
Poisson ratio in plastic deformation is equal to zero. The 
permanent deformations that occur on the parts after the test.

According to the compression test results, it was 
observed that the cubic started to deform under 
63.456 MPa, icosahedron is 7.519 MPa and scutoid scaffold 
is 2.276 MPa in produced with PLA material. Otherwise, 
it was observed that plastic deformation started under 
75.54 MPa pressure in cubic, 6.0119 MPa in icosahedron 
and 1.765 MPa in scutoid scaffold produced with ABS 
material. It was observed that the maximum stress values 
of the structures without the cubic geometry produced with 
PLA material were higher. It has been evaluated that this 
situation is caused by the fact that the support material 
cannot be fully resolved in the cubic geometry, which 
has a low pore ratio compared to other geometries in the 
printings made with ABS material.

Elastic modulus (E) is calculated with equation (7) and 
shown in Table 6. Accordingly, the highest elastic modulus 
value was seen in cubic geometries in prints made with both 
ABS and PLA materials.

where, σ is compressive stress and ε is compressive strain. 
The reason why the elastic modulus of the scutoid geometry 
is higher than the icosahedron is because it has a much lower 
compressive strain value than the icosahedron, as can be 
seen from the stress–strain graphs given in Fig. 8.

When the mechanical strength behaviors obtained are 
examined, it is seen that all models provide sufficient elastic 
strength for the bone scaffold. When the results of shear 
stress are examined, it is evaluated that cubic and icosahedron 
models can show similar behavior not only in vertical loads, 

(7)E =
�

�

(a) scutoid 

(b) cubic 

(c) icosahedron 

Fig. 8   Test results of test sample compression produced with PLA 
and ABS

Table 6   Elastic modulus of the scaffolds (MPa)

Scaffolds PLA ABS

Scutoid 72.9994171 58.5975377
Cubic 597.22792 593.01436
Icosahedron 42.4750115 32.8369567
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but in all directions. Regardless of the material, the scutoid 
is the geometry with the highest elastic elongation. In cubic 
and icosahedron structures with high load strength, fracture 
behavior occurs from the length to the abrupt and at angles 
close to the vertical axis. On the other hand, in the scutoid, 
no fracture behavior was observed in the vertical axis, but 
a fracture parallel to the horizontal axis. As a result, it was 
determined that the scutoid should be positioned according 
to the expected load for the bone scaffold. The scutoid, which 
has the highest porosity ratio, is the weakest geometry in 
terms of elastic strength. This confirms that there is a close 
relationship between porosity rate and fracture behavior.

Conclusions

In this study, the bone scaffold production process with 
AM technologies, which are increasingly used due to the 
advantages they provide in BTE applications, is discussed. 
The aim of the study is to determine the effect of bio-
inspired microstructures on dimensional accuracy, weight, 
mechanical performance, structural strength, porosity and 
pore size. The scaffold structures were printed with PLA 
and ABS-P430 filaments using FDM printers.

According to the results of the study, PLA scaffolds are 
more suitable than ABS in terms of dimensional accuracy. The 
strut diameters of PLA printed structures have a maximum 
deviation of 3.75% from the design diameter, and ABS printed 
structures have a maximum deviation of 5.25%. The lowest 
deviation rates were seen in PLA-printed icosahedron and 
cubic structures. On the other hand, the porosity of PLA 
printed scaffolds is higher than ABS printed scaffolds with 
the same design. The use of support materials in the printing 
of ABS scaffolds has reduced the porosity. While PLA printed 
scutoid geometry has the highest porosity with 94.7%, ABS 
printed cubic geometry has the lowest porosity with 55,9%. 
When the deviations in the porosity of CAD based and 3D 
printed scaffolds are examined, it is seen that PLA printed 
scaffolds have lower deviations. Besides, although the density 
of PLA is higher than ABS, the use of support material in 
ABS printed scaffolds increased the weight.

When the pore diameters of the 3D-printed scaffolds 
were examined, the pore sizes of PLA-printed cubic and 
icosahedron structures were determined as 411  µm and 
722 µm, respectively. The pore sizes in ABS printed scaffolds 
were measured as 697 µm for the icosahedron and 405 µm 
for the cubic, respectively. Therefore, the results show that 
cubic and icosahedron structures can be used as scaffold 
geometry with both their porosity ratios and pore sizes. The 
scutoid geometry has a high pore size of 3025 µm for PLA 
and 3008 µm for ABS. However, pore size over 1500 µm is 
not recommended for bone scaffolds, as it is a significant 
disadvantage in terms of mechanical strength [101].

As a consequence, PLA printed scaffolds have better 
results than ABS printed scaffolds in terms of dimensional 
accuracy, porosity, pore diameter and weight. Among the 
PLA-printed scaffolds, the high pore diameter of the scutoid 
geometry resulted in low mechanical strength. In terms of 
porosity, the icosahedron geometry gave better results than 
the cubic structure. Therefore, PLA-printed icosahedron 
geometry can be considered as the most suitable scaffold 
type for bone tissue regeneration.

According to the compression test results, it was observed 
that the cubic started to deform under 63.456 MPa, icosahedron 
is 7.519 MPa and scutoid scaffold is 2.276 MPa in produced 
with PLA material. Otherwise, it was observed that plastic 
deformation started under 75.54  MPa pressure in cubic, 
6.0119 MPa in icosahedron and 1.765 MPa in scutoid scaffold 
produced with ABS material. Maximum stress values were 
higher in geometries other than cubic geometry. The higher wear 
of stress values in cubic geometry is related to the presence of 
more cellular units in the scaffold structure due to the unit cell 
geometry. Even if the edge dimensions of the cellular units are 
taken equal for all geometries, the number of unit cells changed 
due to the geometry during the scaffolding process.

The main limitation of the study is that besides 
mechanical tests, biological experiments were not 
performed. Adding biological experiments to BTE 
applications better demonstrates the effect of pores on bone 
tissue regeneration [103–105]. Another limitation of this 
study is the dissolution process of the support material. The 
solution of support materials used for ABS printed scaffolds 
became more difficult as the pore size became smaller. Thus, 
insufficient dissolution of the support material affected the 
results in the mechanical strength tests. In future studies, 
methods that allow model production without using support 
materials can be used in the production of artificial bone 
scaffolds. Moreover, future studies will focus on studies that 
will determine the performance of the designed scaffold 
structures through biological experiments.
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