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Abstract
Background One of the most common fractures in the skeleton happens in the femur. One of the important reasons for this 
fracture is because it is the longest bone in the body and osteoporosis affect this part a lot. The geometric complexity and 
anisotropy properties of this bone have received a lot of attention in the orthopedic field.
Methods In this research, a femur designed using 3D printing machine using the middle part of the hip made of polylactic 
acid–hydroxyapatite (PLA–HA) nanocomposite containing 0, 5, 10, 15, and 25 wt% of ceramic nanoparticle. Three different 
types of loadings, including centralized loading, full-scale, and partially loaded, were applied to the designed femur bone. 
The finite element analysis was used to analyze biomechanical components.
Results The results of the analysis showed that it is possible to use the porous scaffold model for replacement in the femur 
having proper strength and mechanical stability. Stress–strain analysis on femoral implant with biometric HA and PLA after 
modeling was performed using the finite element method under static conditions in Abaqus software.
Conclusion Three scaffold structures, i.e., mono-, hybrid, and zonal structures, that can be fabricated using current bioprint-
ing techniques are also discussed with respect to scaffold design.
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Introduction

The human body has a complex architecture of organs and 
tissues with a distinct function. As the age rises, many 
changes occur in the body, which can damage the tissues 
or impair their normal function. One of the most important 
organs in the human body is bone tissue and bone stability 
[1]. The bones are composed of collagen fibers and crystals 
of hydroxyapatite (HA). The most important element of our 
skeletal system is bones having a ceramic and polymeric 

part. Bones have different mechanical and metabolic func-
tions in our bodies. Anisotropic bones (mechanical proper-
ties vary in different directions), as they maintain the skeletal 
framework of our body, allow the transmission of sound in 
the ear and flow of blood through the bodies and vessels in 
the bone marrow [2, 3]. These functions have serious impli-
cations for the mechanical properties of the bones after years 
[4, 5]. For example, bones should be rigid enough to tolerate 
the body weight and also be tight enough not to break easily. 
During the life of the bones, many changes may occur due 
to events throughout the life, e.g., becoming osteoporotic. 
One of the most common events is hip fractures, which are 
divided into different types. Bone marrow grafts are divided 
into several categories like autograft, allograft, and animal 
donation [4]. During the recent years, doctors have been 
investigating the treating patients with large and complex 
fractures, but nevertheless each has a negative aspect using 
artificial bone like weak mechanical features. For this rea-
son, in recent years, many scholars have focused their studies 
on the use of biocompatible materials with suitable chemical 
and mechanical properties cultured with cells and growth 
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factors to repair damaged bones [5–7]. Resorbable bio-nano-
composite containing PLA has expanded a large application 
in clinical fields over the whole body. These applications can 
be used in multiple head surgeries for craniofacial anomalies 
(e.g., enophthalmos) and trauma-induced fractures (orbital 
floor or mandibular defects); sutures and anchoring the 
tendons to the bones (e.g., rotator cuff or Achilles tendon 
repair); interference screw (e.g., anterior cruciate ligament 
repair); plates for fractures (e.g., distal radius or chest wall 
stabilizer); filling the defects after removing the cancerous 
bone (osteosarcoma, Ewing sarcoma, etc.); regenerative 
medicine (e.g., in cartilage and meniscus repair); and vas-
cular stents. The artificial scaffold plays a key role in the 
process of bone repair and is usually made of degradable 
materials that can gradually degrade with the passing of 
time. A bony scaffold must have a good mechanical strength 
to withstand the forces involved in the atomic microscopy. 
The common methods for making porous the bone scaffold 
are using space holder technique, freeze drying, electrospin-
ning and advanced 3D printing method [8–12]. Nowadays, 
the 3D printing method used for porous bio-nanocomposite 
scaffolds has attracted an effective reflection in scientific 
societies, but they have some limitations like using ceramic 
matrix composites. It is essential to measure the stiffness in 
the part of the bone without intervening other parts of the 
hierarchical structure [13–18]. The advance of numerical 
methods leads the researchers to check the performance of 
scaffolds using the finite element method (FEM) based on 
the CT scan data. Using micro-CT scan data to accurately 
simulate the internal structure of scaffold performed by Yang 
et al. [14]. In addition to the fact that the properties of a bone 
vary in different places, for example, the femoral neck region 
has a rigidity of about 6.9 GPa, while the shaft cortex holds 
25 GPa as a long bone. In the middle section of the bone 
with low stiffness, a crack grows easily, and therefore it is 
more under stress. In this paper, the study focused on the 
preparation of biocompatible porous bony part using three-
dimensional (3D) printers with a combination of polylactic 
acid (PLA) polymer and HA nanoparticles as an enhancer. 
Finally, the mechanical and biological properties of porous 
scaffolds were assessed.

Materials and methods

Design and fabrication of composite filament

The fabrication of a scaffold with a filament containing bio-
nanocomposite ceramic composed of PLA polymer materi-
als is performed in this research. At first, we designed a 
composite filament to insert in the 3D printer. Then, scaf-
folds were modeled by a computer and printed using FDM 
(fused deposition modeling) printing machine. The standard 

filaments with 1.75 (mm) diameter were fabricated using 
an extruder having a suitable heater that is turned on to 
preheat the extruder tubes. In order to make the filament, 
the extruder mold was designed and made to fit the diam-
eter, and the heater of the machine was turned on to preheat 
the extruder tubes. The proper speed for the roundabout of 
the worm gear as well as the filament torque was adjusted, 
and the filament winding fan was ready to work. To make 
a PLA–HA bio-nanocomposite filament, a different weight 
percent (wt%) of hydroxyapatite (CAM Netherlands with 
microcrystalline particle size less than 100 nm (nm) and 
98% nanocrystalline purity) with 5, 10, 15, and 25 wt% was 
mixed with PLA-heated granules and ground for 20 min on 
magnetic stirrer. After passing through the extrusion mold-
ing, the filament struck toward the fatal and collector. The 
operation continued until all the material was finished. A 
porous cylindrical scaffold having circle morphology on 
the body was designed using SolidWorks software. The 
shape of the microstructure was adjusted to a cylindrical 
size of 20 mm in diameter and a height of 20 mm for a 
relative proportional mass with large human bone implants. 
The symmetric design was considered with various heights 
regarding having a better repulsion in vertical forces. The 
distance between each porosity in the shape of the walls was 
considered to be 2–3 (mm). After completing the design, 
the model was inserted into the STL format and entered 
into the 3D software to perform the printer settings. In the 
software environment, the settings for the low-temperature 
exhaust outlet of the printer were set to 215 °C and the noz-
zle diameter was 0.3 mm. Finally, the layer was set to 200 
microns, and the simulation of the 3D printer, as well as the 
G-code output for the device, was made. Finally, the codes 
were transmitted to the printer and the device was prepared 
for printing. After leveling, calibrating, and adjusting, the 
extruder’s temperature is set at 215 °C. Then, the process of 
printing began and the construction of each piece took about 
two hours. Figure 1 shows the process of designing a porous 
composite containing ceramic nanoparticles in a polymer 
structure in a 3D printer.

Mechanical testing of porous bony scaffold

The mechanical properties of the scaffolds were measured 
using a compressive strength test device (SANTAM-STM50, 
New Technology Research Centre, Tehran, Iran). For this 
purpose, each sample was loaded at a rate of 0.2 mm/min 
and the tensile strength was evaluated. The output of the 
device, which was the force and displacement data, became 
strain due to the diameter and initial length of each sam-
ple. Finally, by using the gradient of the elastic region of 
the stress–strain curve, the elastic modulus of each sample 
was obtained. Also, the highest point in the graph shows the 
highest stress tolerated by the sample that was considered 
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as the compressive strength of the sample. After that, the 
rigidity test and the Young’s modulus were tested using the 
tensile strength machine.

Porosity testing of porous bony scaffold

For calculating the porosity and density of scaffolds, the 
samples were submerged in the ethanol according to the 
Archimedes principle. The density measurements provided 
information on the size and distribution of pores, permeabil-
ity, and structural imperfections in the produced sample. In 
this method, regarding high hydrophobicity of the polymer, 
instead of water, 96% ethanol was used to penetrate easily 
into small porosities. The density of the scaffold (ρ) is cal-
culated from Eq. (1):

Also, the amount of open porosity of the scaffold (ε) is 
obtained from Eq. (2):

in which W is the scaffold weight, V1 is the volume of etha-
nol in the cylindrical tube, V2 is the volume of ethanol after 
placing the sample in a cylindrical tube for 5 minutes, V3 is 
known as the remaining volume of ethanol after removing 
the specimen from the tube. The value (V1 − V2) represents 
the size of the scaffold, and the (V1 − V3) shows the volume 

(1)� = W∕V2 − V3.

(2)� = V1 − V3∕V2 − V3,

of the absorbed ethanol. Therefore, the final volume of the 
scaffold is in accordance with the following:

The simulated body fluid (SBF) is replaced after 24 and 
72 h and was replaced every week. It should be noted that at 
all stages until the fourth week, the pH of the solution should 
be kept at a yield of 7.2–7.4. The scaffolds are incubated for 
4 weeks at 37 °C.

Modeling and analysis

FDM is a numerical method for solving the approximate dif-
ferential equations and solving integral equations. The fun-
damental of this work is the simplification of complex dif-
ferential equations for ordinary differential equations, which 
can be solved by numerical methods such as Euler. In solv-
ing partial differential equations, the key problem is that the 
error in the initial data and during the solution is not enough 
to result in inaccurate results. There are methods with vari-
ous advantages and disadvantages for this solution, in which 
the finite element method is one of the best techniques to 
solve these problems. This method is very useful for solv-
ing partial differential equations on complex domains. There 
are several softwares available in this field, such as Abaqus 
software, to model a cylinder with a radius of 20 mm and a 
height of 20 mm such that the dimensions of its cavities are 

V =
(

V1 − V2

)

+
(

V1 − V3

)

.

Fig. 1  Schematic of fabrication of 3D-printed porous bony scaffold made of PLA–HA bio-nanocomposite using FDM technology
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2 mm apart. Young’s modulus, Poisson’s coefficient, and 
density were considered according to Table 1 for different 
weight percentages of additives. The load was changed from 
10, 100, 1000, to 10,000 (N), corresponding to various static 
and dynamic loads. 

Results

Mechanical evaluation of porous cylindrical 
bio‑nanocomposite

Figure 1 represents the fabrication process of the porous 
cylindrical shape with circle morphology using FDM tech-
nique with PLA and HA powders. The femoral bone frac-
ture was detected using CT scan photograph. Then, the CT 
micrograph was inserted into the solid work using Mimics 
software. Then, the produced filaments were inserted into 
3D machine to build the prospective architecture. Figure 2a, 
b shows the designed small, medium, and big cylindrical 
architectures having the circle shape from top and lateral 
view. Before performing any Abaqus analysis on the femoral 
bone, it should be ensured that the mechanical response of 
the model under loading is comparable to the actual bone. 

In order to investigate the mechanical response of the model 
and compare it with the actual bone, the model was placed 
under the loading conditions imposed by Cristofolini et al. 
[25] works on the true bone and tibia bone composite. The 
combination of two types of bending and compression load-
ing on bone produces a transverse fracture, and the pres-
sure causing the fracture of the beam regarding the Abaqus 
analysis is shown in Fig. 3. Figure 3a–f shows that as the 
Young modulus of the samples increased, the neutral warp 
approaches the center of the bone and the stresses in the 
nodes increased. The following reason reduces the prob-
ability of shielding stress. As it was seen, in the case of 
plain plated surfaces, in almost all areas, the stress levels 
were larger than the other plaques. The samples were bro-
ken under axial load at an angle of 30°–40° due to high 
shear force and the available crack in the cavities. However, 
according to this study the microscopic and physical nature 
of this type of fracture occurs on the side of the neutral axis 
that occurs in the tensile or compression as shown in Fig. 4a. 
The results obtained in the static analysis shows that the 
maximum stress produced at the load of 100 N concentrated 
at 56–58 megapascal (MPa), while at a 1000 N load the 
sample goes to the plastic region.  

Table 1  Young’s modulus, 
Poisson’s coefficient, and 
compressive strength of porous 
bio-nanocomposite containing 
PLA and ceramic nanoparticles 
with different weight 
percentages made by three-
dimensional printing technology

Material properties Poisson ratio Elastic modu-
lus (GPa)

Density (g/
cm3)

Compressive 
strength (MPa)

Porosity (%)

PLA – – – 35 85
PLA-5 HA 0.30 3.6 1.1 42 75
PLA-10 HA 0.33 4.2 1.5 48 79
PLA-15 HA 0.34 5.6 2.0 56 73
PLA-25 HA 0.35 6.9 3.0 58 64

Fig. 2  3D-printed porous bony architecture in various sizes from a top, b lateral view designed using FDM process
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Discussion

Failure generally occurs in the spongy bone more than the 
compact bone regarding their higher mechanical properties. 
Figure 4a, b shows the compressive strength of samples 
increased from 35 to 58 MPa, while the elastic modulus 
increased more than two times with adding dense biocer-
amic materials. Also, the porosity value decreased as the 
addition of reinforcement increased from 0 to 25 wt%. The 
variation of scaffold CS is within 3–5 MPa. The comparison 
between porosity percentages and CS value indicated that 
sample with 25 wt% of HA has a close correlation between 
porosity value and CS value.

The above combination of proper mechanical properties 
and chemical stability promotes the rigidity and resistance 
of the bone to any external or axial load. According to the 

results of this research, the outcome shows that the bone 
strength with lower porous architecture decomposes energy 
without forming large cracks that cause fracture and failure.

Figure 5a–d represents the 3D curve of the optimum spot 
for the samples with changes in the reinforcement amount. 
The Young modulus of the specimen is derived from the 
stress–strain at static or dynamic load due to the loading rate. 
Then, the obtained result with SD ± 3 has several points and 
results for modulus of elasticity for porous microstructure. 
Using optimization theories and interpolation, the results 
were simulated and are shown in Fig. 5a–d. Both optimiza-
tion and experimental results showed that mechanical prop-
erties are a function of the porosity and the effects of density 
on the mechanical properties of the samples were tangible. 
However, the real porous bone contains collagen with con-
nective tissue property that disjoints clustering characteristic 

Fig. 3  Different loadings on bone scapular samples with 30 wt% weight percentages of hydroxyapatite
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and leads the bone to have varied mechanical behavior under 
loading conditions. It should be noted that the fracture in the 
bone occurs in a region with a density and a large volume of 
spongy architecture as shown in Fig. 5a–d.

The in vitro evaluation test, after removing the scaffold 
from the SBF solution, showed that the amount of calcium 

absorption was increased after 28 days for the sample 
with 15 wt% HA. The reason is that the higher percentage 
of calcium ion in the solution is carried out more by the 
lower porous scaffold. As shown in Fig. 6a, the specimen 
containing 25 wt% had the highest apatite formation. In 

Fig. 4  a Compressive strength value of porous bony scaffold containing 0, 5, 10, 15, 25 wt% HA in PLA polymer, b comparison of porosity 
value versus compressive strength value under 1000 N force

Fig. 5  Optimization of data using interpolation analysis to find the optimal effect of density changes on Poisson’s coefficient, Young’s modulus, 
and weight percentage
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this work, the density value increases with the addition of 
additive, while the porosity value decreased.

In addition, one of the prominent features in the proper-
ties of bone failure is the fracture toughness along collagen 
fibers. However, in this article the presence of collagen is 
assumed to be distributed homogenized. The failure in the 
direction of the perpendicular to the surface is twice. There-
fore, the cracks in the fibrils are more easily released. This 
dependence of the properties of failure in the direction of 
collagen shows that the organic properties of bone compos-
ites have a significant effect on the fracture toughness while 
the torque is created inside the microstructure [19, 20]. Max-
imum shear stress occurs at parallel and perpendicular to 
the neutral axis. The maximum stresses of the compressive 
and tensile forces occur on the diagonal plates with the neu-
tral axis [21–25]. The object held shear loading for angular 
deformation; when the material was under compression or 
tension loading, shear stress was also occured. The mechani-
cal properties of bio-nanocomposite porous bone substitute, 
such as mechanical fracture, elastic modulus, and fracture 
toughness, were investigated in several researches [26–29]. 
The bio-nanocomposite reinforced with zinc oxide, copper 
oxide, carbon nanotube (CNT), diopside, magnesium oxide 
(MgO), and magnetite nanoparticles (MNPs) was evaluated 
for vibrational and bending strength of the part used for vari-
ous orthopedic and bone applications [30–39]. The micro-
mechanical model of bio-nanocomposite was investigated 
using Dewey and Gibson theories for orthopedic approaches 
used in bone trauma surgery as in vitro and in vivo study 
[40–46].

The calcium-rich formation is the first structural change 
that occurs with the HA dissolution in SBF solution as a 
result of the integration of the HA surface with the calcium 
ion present in the SBF liquid surrounded by PLA-agglom-
erated particles. Considering changes in the Ca/P ratio, we 

see that the calcium-rich formation is the result of the inte-
gration of the HA surface with the SBF of calcium ions. A 
3D composite containing PLA polymer with 25 wt% HA 
ceramic nanoparticles can produce a good bioavailability 
and mechanical properties according to Fig. 6a, b. In addi-
tion, HA is capable of binding to the adhesion and growth of 
bone marrow cells in bone spasms. However, in this paper, 
3D printing method was used due to the high mechanical 
properties and the percentage of optimal porosity (which is 
80–85% for ceramic scaffolds). Polymer–ceramic base scaf-
folds have the modest mechanical strength and can be used 
alone in bone remodeling.

Therefore, it is better to increase and optimize the 
mechanical properties of biodegradable polymers scaffolds 
that can reduce the number of surgical operations and also 
reduces the recovery time of the injured member. The altera-
tion of biodegradability that might be reducing or increasing 
the amount of porous bone marrow bursts resulting from 
polymer degradation influences on mechanical strength. 
Clinical applications of these biocompatible composites 
are evident in the field of orthopedic oncology and trauma 
surgery. Few types of bone cancers, e.g., Ewing sarcomas, 
high-grade osteosarcoma, and high-grade chondrosarcoma 
or any other types in which a large part of the bone has to 
be resected and there is a bone gap left after removing the 
lesion are another potential application of these bone substi-
tutes. Furthermore, in high-energy traumas, the bone breaks 
into many pieces and it is hard to be assembled again; there-
fore, bone grafts are applicable in these cases too. Although 
this is a primary research in this field and a lot of strong 
evidences are needed, according to our results, PLA–HA 
bio-nanocomposites, which were designed by 3D printing, 
and compared to natural behavior of femur, are a good sub-
stitute for femur parts lacking sufficient healthy bone tissue 
to build other parts.

Fig. 6  a Apatite formation, b variation of density versus elastic modulus of the samples containing various amounts of HA in PLA
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Conclusion

A PLA–HA bio-nanocomposite was fabricated using 3D 
printing machine as femoral bone for the middle part of 
the hip containing 25 wt% of ceramic nanoparticle. Three 
different types of loadings, including centralized loading, 
full-scale, and partially loaded, were applied to the femo-
ral bone. The results of the analysis showed that it is pos-
sible to use the scaffold model for placement in the body 
as a femoral bone. According to the results of the porosity, 
the percentage was calculated about 80–85%. Moreover, 
the increase in HA content did not have a significant effect 
on the porosity of the samples. According to the results, 
the mechanical properties of HA-enhanced samples are 
better than the sample without HA.
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