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ABSTRACT 
Different designs of three-dimensional (3D) structures have gained increasingly significant in bone 

tissue engineering. For scaffolds, having appropriate porosity and adequate mechanical properties is 

crucial. The porosity and mechanical properties of scaffolds are higly influenced by their 3D modeled 

design. By evaluating the mechanical properties of scaffolds with various designs, it can be confirmed 

that they could serve as an important platform for the regeneration of damaged bone tissue. In this study, 

a diverse range of unit cells and lattice structures featuring different pore structures of polylactic acid 

(PLA)/hydroxyapatite (HA) based scaffolds were modeled and designed. Structural analyses of the 

designed models were conducted in a simulation environment and their mechanical properties were 

compared with similar studies. The results suggest that PLA/HA-based scaffolds with different designs 

hold high potential for applications in bone tissue engineering.  

 

Keywords: Polylactic Acid, Scaffold, Design, Structural Analysis, Mechanical Strength. 

 

1. INTRODUCTION 

Bone tissue defects that occur owing to many 

reasons such as trauma, metabolic disorders, 

and aging are important health problems that 

greatly affect the patients' quality of life [1]. 

Bone is one of the most commonly transplanted 

tissue for biomedical therapy [2]. However, 

bone transplantation poses a significant clinical 

difficulty in practice due to its many 

disadvantages, such as causing new bone 

damage in the body and requiring a second 

surgical procedure for the patient, inability to 

obtain sufficient grafts for the treatment of 

major damage, and difficulties in shaping the 

graft. At this point, scaffolds that have emerged 

in order to overcome the limitations of existing 

methods aim at functional bone regeneration 

based on the interaction of biomaterials, cells 

and biosignal molecules [3]. 

In the fabrication of scaffolds, in order to best 

imitate bone, which is a natural composite 

material, biopolymers with biocompatible and 

biodegradable properties and bioactive 

ceramics, that have the ability to bond with 

living bone by creating an apatite interface layer 

with their osteoinductive properties are used 

together to make them structurally more 

compatible materials are being developed. 

Polylactic acid (PLA) is a polymeric scaffold 

material that has been widely investigated for 

bone tissue applications and has been approved 

by the US Food and Drug Administration 

(FDA) for clinical trials [2,5]. PLA attracts 

much attention with its excellent 

biocompatibility, bioabsorbability and 

biodegradability with non-toxic by-products [2, 

6-9]. Additionally, it has multifunctional 

applications in different fields such as drug 

delivery systems, antimicrobial products, 

medical implant devices, and 3D printed 

scaffold manufacturing for bone tissue 

applications [9]. 

However, PLA's lack of ability to facilitate cell 

adhesion and proliferation on its surface due to 

its weak cellular binding ability restricts its 

wider applications [2, 5]. In addition, the low 
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mechanical strength of polymeric materials is 

insufficient to transmit mechanical force in 

load-bearing applications. In studies conducted 

to overcome this situation, the surface 

properties of the produced scaffolds were 

examined and it was determined that they 

needed a hard surface for the attachment and 

proliferation of anchorage-dependent primary 

cells, and when they were reinforced with 

calcium phosphate-based bioceramic materials, 

modification of the surface topology and 

improved mechanical strength were 

determined. Hydroxyapatites (HA), which are 

frequently used among calcium phosphates, are 

promising as scaffold materials with their 

excellent biological behavior such as high 

osteoconductivity and osteoinductivity, as well 

as promoting cell attachment of scaffolds, 

exhibiting bioactive properties with their 

reactive surfaces, and high osteoconductivity 

and osteoinductivity [2, 13]. 

 

Lattice structures are 3D structures consisting of 

unit cells that repeat each other regularly and are 

most preferred in the biomedical field today 

[14]. When the studies on additive 

manufacturing are examined, it has been seen 

that the interest in lattice structures has 

increased in recent years due to their high 

strength/weight ratio and homogeneous 

porosity distribution [15]. Computer-aided 

design programs such as AutoCAD, 

SolidWorks and 3DS are used for 3D modeling 

of these lattice structures with complex 

geometries [16-17]. Structures with mechanical 

properties close to native bone and in which 

porosity can be controlled easily developed 

using the additive manufacturing method [18]. 

Li et al. [19] produced Ti6Al4V implants with a 

honeycomb lattice structure using the electron 

beam melting method, which is one of the 

additive manufacturing method. According to 

their results, they stated that the produced 

implants have high strength with an elasticity 

modulus close to that of human bone and can be 

used in implant applications. However, the most 

advanced simulation method used in static 

analysis in bone tissue design is the finite 

element model. In this model, ANSYS analyzes 

that can create approximate values close to 

reality come to the fore. In the study conducted 

by Chethan et al. [20], static analyzes were 

carried out with ANSYS finite element software 

on the hip prosthesis stem design, and the 

optimum material and geometric design were 

determined by determining the tensile 

deformations. 

 

Production of properly designed scaffolds using 

appropriate materials is critical for bone tissue 

applications. Although porosity, pore size and 

pore morphology have a significant effect, the 

scaffolds produced with a porous structure also 

allow bone growth and attachment [21-22]. In 

addition, scaffolds with inter-connected and 

highly porous structure can be obtained by a 

wide variety of methods such as solvent casting, 

particle leaching, gas foaming, solvent 

evaporation, laser beam processing and freeze 

drying [22-23]. However, the fact that the 

scaffolds produced have a closed pore 

morphology is a disadvantage of traditional 

methods. Moreover, it has been observed that 

PLA-based scaffolds produced with these 

methods have less internal connections between 

pores due to their low degradation rate, poor 

permeability and non-uniform structure [23]. 

On the other hand, 3D printing method enables 

the rapid, accurate and reliable fabrication of 

scaffolds that can fill the defective area in the 

desired geometries, where control of the pore 

size in the tissue scaffolds, homogeneous 

porosity distribution and an open porosity 

structure are obtained [4, 24]. Designing 

alternative structures with improved 

mechanical properties is very important for 

bone tissue applications. Structural analysis of 

the scaffolds designed with these features can 

be carried out in a simulation environment and 

structures with properties similar to natural 

bone can be obtained in a practical way. The 

predictability of the calculations made with this 

method is quite advantageous as it can obtain 

results close to experimental studies. 

 

In this study, different designs of PLA/HA-

based tscaffolds for use in bone tissue 

applications were obtained by modeling four 

different unit cell and lattice structures. The 

created models were defined in ANSYS 

Workbench software, static analyzes were 

carried out and the results were examined 

comparatively with similar studies. 

 

2. MATERIAL AND METHODS 

2.1. Three Dimensional (3D) Modeling 

In this study, 3D modeling was performed using 

SolidWorks software to create four different unit 

cell models and lattice structures for bone tissue 

applications. Octagonal unit cell diameter is 
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0.813 mm, kelvin unit cell diameter is 0.748 mm, 

and honeycomb unit cell wall thickness is 0.362 

mm [25]. The wall thickness of the unit cell in 

octagonal design was determined as 0.5 mm and 

the strut length was determined as 1.686 mm. 

The lattice structure models created by 

combining unit cells were then transferred to 

Ansys Workbench software. The appearance of 

the created models is shown in Figure 1. 

 

 
Figure 1. 3D unit cell and lattice structures; (a) 

octagonal, (b) angular-octagonal, (c) honeycomb, 

(d) kelvin model. 

 

2.2. Finite Element Model  

To finite element analysis, PLA and PLA/HA 

combinations were determined as linear and 

isotropic, and are shown in Table 1. In order to 

see and compare the effect of the biomaterials, 

material definitions as 100 %, 75 % PLA and 25 

% HA by weight, respectively, were defined 

separately on these models via ANSYS 

Workbench. After creating material properties 

for 3D design models, mesh assignment was 

carried out. To obtain the optimum design, first 

the stress and deformation values on the unit cells 

were evaluated. Optimization studies were 

carried out on the models to determine the most 

appropriate element sizes. As a result of the 

studies, the element size of the honeycomb and 

octagonal models was determined as 0.181 mm, 

while the element size of the octagonal model 

was determined as 0.4 mm. In addition, the 

results were examined by comparing them with 

finite element studies on similar models [26, 27]. 

 
Table 1. Mechanical properties of materials. 

Properties PLA HA PLA/HA 

Density (g/cm3) 1.24 3,16 1.72 

Elastic Modulus 

(MPa) 

1280 7000 2710 

Poison Rate 0.36 0.27 0.34 

Yield strength 

(MPa) 

70 - 52.5 

Shear Modulus 

(MPa) 

470.59 2755.9 1031.1 

Reference [26] [27]  

 

 
Figure 2. 20 N force applied on the mesh unit cells. 

 

Boundary conditions are defined for 3D finite 

element models as shown in Figure 2. First of all, 

the optimum design was determined by 

analyzing unit cells with PLA and PLA/HA 

combinations to see the effect of the design. 

After applying 20 N as a preliminary force to 

force the unit cells in the compression direction, 

the force value to be applied on the optimum 

design was taken as 500 N. It was aimed to 

evaluate the stress values by applying axial load 

to the created bone models, considering that the 

average human weight is 80 kg. Unit cells are 

fixed by restricting their movements at the 

bottom and the compression force is defined 

from the top. 

 

 

(a)                 

 

(b) 

 

(c) 

 

(d) 
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3. EXPERIMENTAL FINDINGS 

In the finite element analysis results, the Von 

Misses stress distribution was determined to 

evaluate the material strength as a criterion and 

the total deformation amount was determined to 

determine the rigidity. The obtained data are 

given in Table 2. 

 
Table 2. Material strength values obtained from 

finite element analysis results. 

Birim 

hücreler 
Malzeme  

Total             

deformasyon 

(mm) 

Von-

Mises 

(MPa) 

Honeycomb 

%100PLA 0.0679 6.69 

%75PLA 

%25HA 
0.032 6.49 

Octagonal 

%100PLA 0.1958 53.02 

%75PLA 

%25HA 
0.0927 53.13 

Angular-

octagonal 

%100PLA 0.455 140.09 

%75PLA 

%25HA 
0.2182 141.1 

 

Among three different unit cells, the highest 

Von Mises stress value obtained when PLA 

material defined was calculated as 140.09 MPa 

in the angular-octagonal model. It is accepted 

that the probability of fracture increases with 

the maximum Von Mises stresses obtained by 

finite element analysis. Considering the finite 

element analysis unit cell results, the 

honeycomb unit cell has the lowest Von Mises 

stress value. The lowest stress value in the PLA 

honeycomb model is 6.69 MPa. In the PLA/HA 

honeycomb model, the lowest Von Mises stress 

value decreases to 6,493 MPa. It was observed 

that the Von Mises stress value increased to 

53.02 MPa in the PLA octagonal model and 

53.13 MPa in the PLA/HA octagonal model. 

While the Von Mises stress was 140.09 MPa in 

the PLA octagonal model, this value increased 

to 141.1 MPa in the PLA-HA octagonal model. 

 

The geometry of bone tissues greatly affects 

their mechanical properties and behavior. For 

this reason, comparisons were made by looking 

at the total deformations on the models. While 

the total deformation was 0.1958 mm in the 

PLA octagonal model, the total deformation 

was reduced and calculated as 0.0927 mm in the 

PLA/HA octagonal model. The total 

deformation is 0.455 mm in the PLA angular-

octagonal model and 0.2182 mm in the 

PLA/HA model. Finally, the total deformation 

was 0.0679 mm in the PLA honeycomb model 

and 0.032 mm in the PLA/HA model. 

Compared to other models, the lowest total 

deformation value was obtained in the 

honeycomb model. According to Von Mises 

criteria and total deformation results, the 

optimum and most critical model was 

determined to be the honeycomb model. 

 

 
Figure 3. Honeycomb unit cell (a) %100 PLA (b) 

%75 PLA- %25 HA. 

 

Based on this, 500 N force was applied on the 

honeycomb lattice structure. Figures 3, 4 and 5 

show Von Mises stress distributions on the 

models. Figure 6 shows the total deformation 

values when 500 N force is applied (a) PLA 

honeycomb lattice structure (b) 75% PLA-25% 

HA added honeycomb lattice structure. In the 

PLA honeycomb lattice structure, the Von 

Mises stress value was found to be 3,543 MPa 

and the total deformation value was 0.043 mm. 

In the PLA/HA honeycomb lattice structure, the 

Von Mises stress value is 3.513 MPa and the 

total deformation value is 0.020 mm. When 

evaluated in terms of rigidity and strength, it 

was determined that the use of PLA alone was 

insufficient in all models. 

 

 
(a) 

 

(b) 
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Figure 4. Octagonal unit cell (a) %100 PLA (b) 

%75 PLA- %25 HA. 

 

4. DISCUSSION 

Today, 3D printing method is one of the 

methods that attracts attention in bone tissue 

applications. Adapting computer-aided design 

to bone tissue engineering with 3D printing 

technology greatly increases production 

precision and repeatability compared to 

traditional methods. It is very advantageous that 

the 3D printing method provides precise 

modeling ability of bone tissue models and high 

efficiency production [29]. 

 
Figure 5. Angular-octagonal unit cell (a) %100 

PLA (b) %75 PLA- %25 HA. 

 

Within the scope of this study, the expansion of 

the usage areas of 3D printers and their 

suitability in bone tissue engineering 

applications were investigated. In this regard, 

modeling and analysis were carried out using 

the finite element analysis method. In the 

designed models, the effect of both the design 

and the biomaterials used on the design was 

evaluated by taking into account the total 

deformation and stress values obtained. 3D 

printing methods allow the manufactured 

scaffolds to imitate natural bone, thanks to the 

high controllability of the structures. 

Comparing and evaluating the results of 

analyzes designed in a simulation environment 

provides advantages in terms of cost and 

optimization. During bone design and 

fabrication, the selection of biomaterials, 

internal structure, pore diameter and porosity 

ratio, anatomical external geometry, 

permeability and selection of printing 

techniques appropriate to the design are very 

important. In addition, in order to obtain good 

 

(a) 

 
(b) 

 
(a) 

 
(b) 
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results on models in 3D printing, layer 

thickness, extrusion speed, nozzle exit pressure, 

viscosity of the material to be used as bioink and 

table temperature are the parameters that need 

to be taken into consideration. Increasing 

printing speed or layer thickness may cause 

deterioration in surface quality. Similarly, if 

these parameters cannot be adjusted 

appropriately, negative situations such as 

premature cooling of the filament and 

weakening of the structure on the part may be 

observed [28]. 

 

 
Şekil 6. The total deformation values measured by 

applying a 500 N force to (a) the PLA honeycomb 

lattice structure and (b) the 75% PLA-25% HA 

added honeycomb lattice structure. 

 

In the study by Adhikari et al. [30], it was 

reported that the optimum viscosity in 3D 

printed alginate/chitosan/HA scaffolds 

prevented the collapse of HA nanoparticles, the 

lateral pores of the scaffolds protected the 

integrity of the scaffold, and the produced 

scaffolds were suitable for 3D printing. 

Moreover, viscous inks are also suitable for 

maintaining the height of the scaffolds after 

printing [31], although it is known that 

extrusion becomes difficult and uninterrupted 

ink flow is disrupted with high viscosity 

bioinks. Since trouble-free extrusion is essential 

for production, the extrudability of the designed 

structure is extremely important. In the study, it 

can be said that the HA-containing design is 

more viscous than the 100% PLA-based design. 

This is because the increase in HA 

concentration increases the viscosity of the 

bioink. Therefore, for extrusion of high 

viscosity inks with HA loadings, the printing 

pressure should be higher than that of PLA-

based design [30]. 

In addition to 3D design, determining the 

mechanical load range is very important. Bone 

tissue is constantly exposed to mechanical loads 

at varying intervals. As a result, a certain 

tension occurs both in the bone structure and in 

the tissue. For this reason, balancing the 

ductility of the polymer material and the 

brittleness of the ceramic material Ca-P-based 

HA is of great mechanical and biological 

importance [32]. On the other hand, some errors 

are encountered during production in the melt 

deposition modeling (FDM) method, which is 

another additive manufacturing method. One of 

these errors is that the parts with low thickness 

have low strength and the diameter of the nozzle 

through which the material flows also affects 

this. In general, ribs, which are support 

materials, break [33]. Feds break when 

removing material or during the initial assembly 

phase. As a solution to this situation, the 

thickness of the ribs should be made 1/3-1/2 

thicker than the general wall thickness [34]. 

When rib thicknesses are made at these ratios, 

collapse on the outer surface of the rib area can 

be prevented while the part is produced in the 

injection machine. 

 

It is known that there are two parameters for a 

cell-based bone implantation: the skeletal 

design and the cell assembly of this design [35]. 

In bone tissue engineering applications, PLA is 

a biomaterial with high biocompatibility and 

FDA approval for clinical applications. 

However, HA addition to PLA provides a 

dynamic 3D bone tissue by increasing the 

activation of osteoblast cells. In a study, it was 

reported that more surface roughness was 

obtained in HA-containing scaffolds compared 

to scaffolds designed with 100% PLA [32]. 

Increasing the surface roughness and expanding 

the surface area of the produced tissue scaffolds 
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to adhere to living cells helps to increase the cell 

association rate. It has also been reported that 

FDM technology, which has low processing 

costs, can be successful in PLLA/HA hybrid 

scaffolds with up to a maximum of 30% ceramic 

contribution and causes relatively weak 

osteoblast activity [35]. Studies have shown that 

smaller macropores and higher fracture energies 

can be achieved by increasing the gelatin ratio 

in gelatin-containing tissue scaffolds when 

performing 3D printing [36-37]. At the same 

time, it has been determined that this method 

allows the designed model to be successfully 

obtained by providing the ability to print at 

appropriate viscosity values. In another 

investigation [38], it was found that a PLA 

scaffold with 15% HA by weight, created using 

an extrusion-based 3D printing method, could 

withstand a maximum stress of 3 MPa at 70°C. 

Research conducted by Ziminia et al. reported 

[39] that a PLA scaffold with a 15% weight 

additive exhibited a maximum strength of 2.47 

± 0.19 MPa, which decreased to 1.41 ± 0.37 

MPa upon increasing the HA content to 20% by 

weight. Comparable compressive strength 

values were observed in chitosan/gelatin/HA 

3D scaffolds, which demonstrated a strength of 

4.16 MPa [40]. 

 

5. CONCLUSION 

Finite Element Analysis is a well-respected 

method for biomechanical evaluations, offering 

significant advantages due to its capacity to 

produce predictive outcomes that closely align 

with experimental research findings. This study 

focuses the design and fabrication of tissue 

engineering scaffolds through the integration of 

computational strategies with 3D printing 

technologies. We conducted an extensive 

examination of various computational modeling 

and simulation techniques, especially for 

developing PLA-based tissue scaffolds. 

Computational approaches facilitate the 

prediction of scaffold characteristics and their 

behavior under various conditions. Scaffolds 

designed using computational methods are 

characterized by their reproducibility, 

precision, and adaptability, making them 

suitable for fabrication via 3D printing. The 

experimental validation of these computational 

designs showed a high degree of agreement 

between the simulated and actual results. 

Despite some challenges related to 

computational techniques and 3D printing 

technologies, the literatüre strongly supports the 

benefits of their combined use in the design and 

production of scaffolds. Our analysis of models 

specifically designed for 3D printing indicated 

that the PLA honeycomb structure, enhanced 

with 25% HA, yielded the best results. 

However, an increase in HA content was 

associated with a decrease in ultimate strength 

in the PLA constructs. Although the strength 

values of the produced bone tissue scaffolds are 

lower than that of natural bone, making them 

suitable for non-load-bearing areas of the body 

like the facial region, the achieved strength 

levels are consistent with those reported in 

similar studies. Variations in production 

parameters, as well as in the design and analysis 

stages, significantly affect the mechanical 

properties and overall quality of the final 

product. Precise adjustment of each parameter 

is essential in the 3D printing process. In 

conclusion, this study highlights the increasing 

importance and potential of PLA/HA-based 

composite scaffolds in future tissue engineering 

research. 
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