){ biomimetics

Article

Structural Mechanical Properties of 3D Printing Biomimetic
Bone Replacement Materials

Xueman Lv 12, Shuo Wang !, Zihe Xu !, Xuanting Liu !, Guogqin Liu !, Feipeng Cao ! and Yunhai Ma 1-*

check for
updates

Citation: Lv, X.; Wang, S.; Xu, Z.; Liu,
X.; Liu, G.; Cao, E; Ma, Y. Structural
Mechanical Properties of 3D Printing
Biomimetic Bone Replacement
Materials. Biomimetics 2023, 8, 166.
https://doi.org/10.3390/
biomimetics8020166

Academic Editors: Monica Dettin

and Annj Zamuner

Received: 24 February 2023
Revised: 13 April 2023
Accepted: 17 April 2023
Published: 19 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

The College of Biological and Agricultural Engineering, Jilin University, 5988 Renmin Street,

Changchun 130025, China

Department of Ophthalmology, China-Japan Union Hospital of Jilin University, Changchun 130031, China
*  Correspondence: myh@jlu.edu.cn; Tel.: +86-0431-85095760-413

Abstract: One of the primary challenges in developing bone substitutes is to create scaffolds with
mechanical properties that closely mimic those of regenerated tissue. Scaffolds that mimic the
structure of natural cancellous bone are believed to have better environmental adaptability. In this
study, we used the porosity and thickness of pig cancellous bone as biomimetic design parameters,
and porosity and structural shape as differential indicators, to design a biomimetic bone beam
scaffold. The mechanical properties of the designed bone beam model were tested using the finite
element method (FEM). PCL/3-TCP porous scaffolds were prepared using the FDM method, and
their mechanical properties were tested. The FEM simulation results were compared and validated,
and the effects of porosity and pore shape on the mechanical properties were analyzed. The results
of this study indicate that the PCL/B-TCP scaffold, prepared using FDM 3D printing technology
for cancellous bone tissue engineering, has excellent integrity and stability. Predicting the structural
stability using FEM is effective. The triangle pore structure has the most stability in both simulations
and tests, followed by the rectangle and honeycomb shapes, and the diamond structure has the worst
stability. Therefore, adjusting the porosity and pore shape can change the mechanical properties of
the composite scaffold to meet the mechanical requirements of customized tissue engineering.
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1. Introduction

Cancellous bone is composed of a large number of bone trabeculae interlacing with
each other in a spongiform manner. It follows the principle of maximizing bone strength
with minimum bone mass, and plays a role in supporting, reducing weight, cushioning,
accommodating bone marrow, coping with deformation, adapting to deformation and
other functions [1]. Bone cavity, joint fusion, fracture nonunion and bone defect formed
after curetting bone tumor or inflammation are often filled with autogenous cancellous
bone grafts in clinical practice to help bone healing. Its advantages are large osteogenic
stimulation effect, fast bone healing speed and strong anti-infectivity. However, due to the
limited supply of grafts, the increased incidence of infection at the donor site and some
surgical complications [2-4], the grafts cannot meet clinical needs.

Therefore, it has always been the goal of people to seek ideal artificial bone scaffolds
to replace autologous bone grafts to help bone healing [5]. The ideal artificial bone scaffold
should not only be biocompatible and biodegradable, but also have certain mechanical
strength, toughness, porosity and pore size close to normal human bone, which can create a
microenvironment conducive to cell adhesion, growth, proliferation and function play [6-8].
Scaffolds that mimic natural cancellous bone are considered to have better environmental
adaptability [9,10].

Among the many alternative materials, the composite material composed of polymer
and bioceramic is similar to the combination of organic and inorganic components in bone
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tissue, which is closer to the real bone matrix environment and is widely used in bone tissue
engineering research. The addition of polymers to calcium phosphate scaffolds can increase
the toughness and compressive strength similar to that of bone. Similarly, the mechanical
integrity and biological activity of polymers can be improved by the addition of calcium
phosphate scaffolds [9-12]. There are several conventional methods for preparing porous
bone scaffolds, such as solvent casting, particle leaching, freeze-drying, heat-induced phase
separation and gas foaming [13]. The main defects of these methods are the existence of
cytotoxic solvents, uneven pore distribution and difficult to control pore size [14].

With the appearance of additive manufacturing technology, namely, 3D printing
technology, the development of bone scaffolds has taken a new direction [15,16]. The
3D printing technology can control the shape, size, internal porosity and porosity of the
target structure. These techniques, combined with computer-aided design (CAD), can
generate three-dimensional structures layer by layer in a variety of materials. Currently,
there are mainly four kinds of 3D printing technologies, Fused Deposition Modeling (FDM),
Laminated Object Manufacturing (LOM), Stereo Lithography Apparatus (SLA), Selective
Laser Sintering (SLS), applied in the manufacture of bone tissue engineering scaffolds,
among which FDM has been widely used in bone tissue engineering due to its application
in a variety of thermoplastic polymer materials, convenience in use and low cost [17,18].
Fused Deposition Modeling (FDM) is a common scaffold fabrication technique based on
material extrusion: a heated extrusion head extrudes thermoplastic fiber material and
deposits a semi-fused polymer layer by layer on a heated platform. Because of the fusion
between layers, the scaffolds manufactured by FDM have good structural integrity and
mechanical properties. Among many 3D-printed porous calcium phosphate-polymer
scaffolders, PCL/3-TCP composite material is the most interesting and studied one [19].

PCL is a thermoplastic polymer with excellent biocompatibility [20,21]. Its low melting
point (60 °C) and high decomposition point (350 °C) make it an ideal thermoplastic material
for hot extrusion technology [18,22]. The degradation time is less than 2 years [23,24],
and the degradation products are non-toxic carbon dioxide and water, which can be
absorbed by the human body. 3-TCP has good biocompatibility and bone conductivity. Its
dissolution will release calcium ions, which contribute to osteogenic differentiation [25], but
it has fast degradation in vivo, limited mechanical strength and high brittleness [26]. The
combination of the two materials takes advantage of the toughness of PCL and the stiffness
of TCP and is more in line with the mechanical property requirements of bone scaffold
materials [20,27-31]. The introduction of finite element method (FEM) has greatly improved
the methodology in the design process of biomedical applications. The combination of FEM
and 3D bioprinting technology not only solves the design and optimization problems of 3D
bioprinting scaffolds but also helps to predict the performance of scaffolds under various
physiological conditions and analyze these behaviors [32-36]. In recent years, exciting
results have been achieved by using FEM to optimize the design and predict the mechanical
behavior of stents in specific tissue applications [37-42]. Ryan et al. used finite element
analysis to evaluate the mechanical properties of sintered titanium powder with different
porosity ranges for the first time. The finite element analysis results were compared with
the experimental results, and it was found that cell modeling could accurately predict the
mechanical properties of scaffolds. The finite element analysis results are slightly lower
than the physical prototype. This geometric variation will be reduced if the manufacturing
process is improved during the conversion of CAD models to prototypes [37]. Kim et al. [38]
used finite element analysis to investigate the use of composite bone plates in the healing
of long bone fractures, such as transverse fractures of the tibia, taking into account contact
conditions and changes in callus material properties associated with the healing period.
ABAQUES 6.71 was used to study changes in stress distribution with changes in axial and
compressive loads, as well as changes in material properties over time. Two composite
bone plates were considered in the analysis, common braided epoxy/carbon composite and
BCP/Kevlar composite, both of which are biocompatible. The relationship between stress
distribution and bone plate alignment and healing time was analyzed by finite element
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method. The results showed that the composite bone plates with stacked sequences in
Kevlar/BCP composites produced the most appropriate strain distribution at the fracture
site during the early healing process and reduced the stress shielding effect between bone
and plate. Badge et al. [39] studied various geometric design parameters of an extruded
3D printed stand. Based on the finite element analysis of 36 scaffolds, the porosity and
Young’s modulus of the composites are predicted. The results show that the porosity and
mechanical stability of 3-TCP scaffolds can be determined by analyzing the width of the
strut and the diameter of the nozzle. Based on the finite element analysis results, the
best mechanical properties of the support were proposed. Tagliabue et al. [40] obtained
3D models from micro-CT scans and used finite element analysis techniques to find the
elastic coefficients of bioactive glass scaffolds. The calculation results of the finite element
model show that the calculation results of the finite element model are in agreement
with the existing ones, and the relationship between the elastic properties, porosity and
wall thickness is established. Askari et al. [41] investigated the mechanical properties of
zirconia scaffolds using a finite element model based on micro-CT. The stress distribution,
plastic strain and flow stress of the zirconia support were calculated and analyzed. Using
the proposed method, the relationship between macroscopic behavior and microscopic
characteristics of scaffolds can be deeply understood. Caiazzo et al. [42] compared the
simulation results with actual results from quasi-static compression tests and referenced
similar studies on other lightweight structures in the literature to measure the model’s
effectiveness. The virtual volume is reduced to 1/8, effectively reducing the total time
to solve the problem by more than 90%; compared with the similar simulation studies of
other lightweight structures in the literature, the mismatch between the actual mechanical
properties and the simulated values is low. These biases are due to an incomplete database
or local imperfections of the actual sample due to typical LPBF limitations.

All the above studies indicate that finite element method is indeed an effective tool to
study the effect of scaffold design on the mechanical properties of bone scaffolds. Tissue-
specific scaffolds can be identified through FEM’s capabilities in design, analysis and
prediction, an approach that may accelerate the rate of progress in bioengineered tissue
construction using 3D bioprinting. Despite this, there is not much research on the verifica-
tion analysis between simulation and real experiments, and there are still significant gaps
between the two, including the influence of manufacturing processes. Therefore, people
still need to explore further and find solutions.

In this study, the porcine cancellous bone structure was used as the prototype. The
porosity and thickness were extracted as the bionic design parameters, and the porosity and
structural shape were used as the difference indexes to design the bionic bone trabecular
scaffold. Finite element method (FEM) was used to test the mechanical properties of the
designed bone trabecular model. The PCL/-TCL porous scaffold was prepared by FDM
method, and the mechanical properties were tested. The FEM simulation results were
compared and verified, and the influences of porosity and pore shape on mechanical
properties were analyzed, which provided reference for the mechanical properties of
PCL/-TCP porous biomimetic scaffold materials in the application of bone scaffolders.

2. Materials and Methods
2.1. Parameter Extraction of Cancellous Bone and Biomimetic Scaffold Model Establishment
2.1.1. Parameter Extraction of Cancellous Bone

In this study, Micro-CT (Inveon Multimodality System, Siemens Medical Solutions,
Malvern, PA, USA) was used for microstructural analysis of cancellous bone samples
collected from the rib area of pigs, which were obtained from local commercial slaughter-
houses. Figure 1 shows the extraction process of related parameters of bone trabeculae.
The selected bone trabeculae samples were divided into three layers for extraction and
then divide each layer into five 2 mm sided cubes. A separate color was assigned to each
segmented model for later statistical analysis. A total of 10 bone trabecular models were
selected and 150 samples were extracted for reconstruction and parameter measurement.
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The porosity of each model was counted in the range of 40% to 80% in 5% increments. The
results were shown in Figure 1. The results showed that the average porosity of the block
mode | was 58.9%, which was concentrated in the range of 55-65%, accounting for 83.4% of
the total samples. Therefore, in this study, the porosity of the bionic scaffold was selected
as 55-65%, and the porosity of the test model was determined to be 55%, 57%, 59%, 61%,
63%, 65% at the interval of 2%. The average thickness of bone trabeculae in the region was
calculated to be 0.209 + 0.004 mm.
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Figure 1. (a) Extraction process and (b) the proportion of pores in bone trabecular unit model.

2.1.2. Bionic Bone Scaffold Model Building

As shown in Figure 2, four structures, namely, rectangle, triangle (with three equal
sides), honeycomb and diamond (with 60° Angle), were extracted from the bone trabecular
structure as scaffold-filling structures. Using SolidWorks software, the porosity of bone
trabeculae was 55-65% and the average thickness was 0.2 mm as bionic design parameters.
The completed model was generated into an STL (Stereolithography) format file, which
was used for the following finite element analysis and 3D printing.

2.2. Simulation of Mechanical Properties of Bionic Bone Scaffold Model

In order to determine the mechanical behavior of four selected structural bone trabecu-
lar scaffolders under static loads, the compression and bending tests were simulated using
Abaqus 6.14 (Dassault System, SIMULIA, Paris, France). Select unit size was 6 x 6 x 2 mm
trabecular bone scaffolds as the compression test and bending test model. The porosity of
the scaffold was 55%, 57%, 59%, 61%, 63% and 65%, respectively. Since there were many
holes in the bone trabecular scaffold model, the automatic meshing function of ABAQUS
could not guarantee the validity of the partitioning results. Therefore, HyperMesh was
used to mesh the designed bone trabecular scaffold model. Hexahedral elements of the
same size were used in all the grid components of the scaffold model to eliminate the
influence of grid sensitivity on the results. As shown in Table 1, it can be seen that the
standard deviation (Std. dev) maximum of the mesh number of compressed samples was
1647.929, and Coefficient of Variation (COV) was 2.252%. The difference of the overall
mesh division results was small and had good statistical significance. The processed mesh
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components were imported into ABAQUS, and the material parameters of bone trabeculae
were determined by referring to relevant literature, as shown in Table 2 [43,44].
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Table 1. The number of grids of each simulation component.

Number  Grid Number Number Grid Number Number Grid Number Number Grid Number Std. Dev COV (%)
Fang-55 71,150 Ling-55 75,570 San-55 72,280 Feng-55 73,650 1647.929 2.252
Fang-57 71,080 Ling-57 73,910 San-57 71,820 Feng-57 73,540 1174.508 1.618
Fang-59 70,560 Ling-59 72,830 San-59 71,860 Feng-59 72,400 853.1522 1.186
Fang-61 70,560 Ling-61 69,640 San-61 68,700 Feng-61 68,360 858.1812 1.238
Fang-63 67,630 Ling-63 68,010 San-63 68,270 Feng-63 67,790 240.5722 0.354
Fang-65 68,860 Ling-65 67,110 San-65 67,690 Feng-65 67,400 664.624 0.981

Table 2. Material properties of bone trabeculae.

Density Modulus of Elasticity =~ Failure Stress . . . p .
(Toone/mm?) (MPa) (MPa) Failure Strain ~ Poisson’s Ratio
3.15 x 1077 223 45 2.23 0.3

The compression experiment was divided into two parts: transverse compression
experiment and axial compression experiment. The assembly relationship was shown
in Figure 3a,b. Horizontal compression experiments were conducted using rigid body
components for horizontal compression of samples: reference points were set on rigid body
compression components, which were combined with rigid body through the coupling
method. Contact between compression parts and samples was controlled through surface-
to-surface interaction, and the internal self-contact of sample mesh was added through
general contact. A displacement of 1.5 mm was applied to the reference point to limit the
free degree of the sample’s compression surface. After the simulation, the resistance and
displacement curves of reference point RP were output.
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Figure 3. ABAQUS compression experimental assembly drawing where I is the rigid body and II is
the samples: (a) Transverse compression; (b) axial compression; (c) three-point bending experimental
assembly drawing.

The three-point bending test is shown in Figure 3c. It was carried out on samples
through cylindrical components. The coupling method was used to combine three reference
points RP1-3 with three cylindrical rigid bodies (D = 0.6 mm), which limited the freedom of
the cylindrical parts at the bottom. A 1 mm vertical downward displacement was applied
to the top cylindrical parts. The interactions of self-contact between grids and face-to-face
contact between rigid bodies and mesh components were considered. The distance between
the bottom two parts was 5 mm.

2.3. Preparation of B-TCP/PCL Scaffold

The B-TCP/PCL powder was mixed by a rotating planetary ball mill (QXQM-8,
Changsha Tianchuang Powder Technology Co., Ltd., Changsha, China), The mixed powder
consisted of 30 wt.% 3-TCP. Subsequently, a composite wire with a diameter of 1.75 mm
was prepared by wire extrusion mechanism. The heating temperature was 80 °C. The
extrusion speed was 5 mm/s. A 3D printer (DK2, Flash Technology, Shenzhen, China)
was used to melt and extruder the processed wire to prepare the sample. The printing
speed was 2 mm/s, the printing temperature was 180 °C and cooling was by blowing air
during extrusion.

2.4. Mechanical Properties Testing of Samples

The elastic modulus and yield strength of the material were obtained by compression
and bending tests. The size of compression test sample prepared by 3D printing was
10 x 10 x 10 mm, and the bending test sample was 10 x 25 x 2 mm, with 6 samples in
each group. Electronic universal testing machine (C43.104, MTS Systems Co., Ltd., Canton,
OH, USA) was used to test the mechanical properties, and the constant displacement rate
of the indenter was 1 mm/min.

3. Results and Discussion
3.1. Simulation Analysis of Structural Mechanical Properties of Bionic Bone Scaffold
3.1.1. Analysis of Transverse Compression Test Simulation Results

The simulation results of transverse compression test are shown in Figure 4. As can be
seen from Figure 4, the deformation of square holes” samples was large in the compression
process, and there was an obvious lateral buckling phenomenon, and the buckling distance
gradually decreases with the porosity’s reduction. By observing the simulation results
of honeycomb hole samples, we can see that compared with square hole samples, the
honeycomb hole samples have stronger stability. The honeycomb hole samples had less
lateral buckling phenomenon, and the stress distribution was wider. The results showed
that the honeycomb specimens could conduct stress more effectively. According to the
simulation results of rhomboid hole samples, the compressive deformation of the rhomboid
hole was the largest because of its high deformability. In the compression results, the
phenomenon that the pores” upper wall has contacted with the bottom one means that the
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65%

support model cannot play a supporting role. Generally, the sample with rhomboid holes
did not have the ability to resist the compression load. It can be seen from the simulation
results of the triangular hole sample that it has strong stability [45]. The overall compression
displacement was minimal, and the stress distribution was more uniform and wider. There
was no obvious stress concentration in all the samples.
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Figure 4. (a) Transverse compression test simulation results and (b) Compression modulus of each
sample in transverse compression test with different porosity.

Based on Figure 4, it is evident that the compressive strength of the scaffold decreases
gradually with increasing porosity 46]. The compressive strength rankings for all sample
shapes remain consistent across each porosity level, with the Triangle exhibiting the highest
compressive strength under lateral compression, followed by the Rectangle, Honeycomb
and Diamond. These findings suggest that the Triangle shape has the best lateral compres-
sive performance. While the compressive strength of the Rectangle shape is greater than
that of the Honeycomb, its stability is typically lower due to greater lateral buckling during
compression. Our analysis indicates that the triangle shape has a lateral compressive
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modulus 1.06 times higher than that of the honeycomb, 1.38 times higher than that of the
diamond and 0.42 times higher than that of the square.

3.1.2. Analysis of Axial Compression Test Simulation Results

The simulation results of axial compression test are shown in Figure 5. According to
the axial compression simulation results of the square hole sample, when the porosity was
high, the square sample appeared as a relatively obvious wavy, and at this time, the bionic
scaffold lost the holding ability. When the porosity was low, the bending phenomenon
of the sample was small, and the overall stress was staggered. According to the axial
compression simulation results of honeycomb hole samples, there is no obvious bending
phenomenon in the case of low or high porosity. This indicates that honeycomb hole
samples have good structural stability. The overall axial compression displacement of the
sample was small. By observing the axial compression simulation results of the samples
with triangular holes, it can be seen that these samples have strong stability. Under different
porosity conditions, the compression deformation and displacement of the samples are
small, and the pore shape has no obvious deformation. The stress distribution was uniform.
It shows that the triangular hole sample has excellent resistance to axial compression
load [45]. According to the axial compression simulation results of the rhomboid-hole
sample, the bearing part of the sample would distort and deform under the condition of
high porosity. This indicates that the structural stability of the sample has been lost. The
phenomenon of stress concentration is obvious, which leads to the rhomboid hole sample’s
easy to collapse failure during actual compression. It shows that the resistance of rhomboid
hole samples to axial compression is poor.

The compressive strength of all specimens gradually decreases with the increase of
porosity [46], as illustrated in Figure 5. Among all porosities, the axial compressive strength
is found to be the highest in the Triangle samples, followed by the Honeycomb. The
compressive strength of the Diamond and Rectangle varies with different porosities, in
agreement with the phenomenon depicted in Figure 5. These findings indicate that the
Triangle shape exhibits an axial compressive strength that is 0.038 times higher than that of
the Honeycomb, 0.133 times higher than that of the Diamond and 0.187 times higher than
that of the Rectangle.

3.1.3. Analysis of Three-Point Bending Simulation Test Results

Figure 6 shows the simulation test results of three-point bending for different samples
with different porosity. It can be seen from the observation that when the porosity of the
square hole samples decreased gradually, their deformation degree decreased gradually.
However, compression phenomenon appeared locally lead to the failure of the top unit.
The number of high-stress units generated in the bearing part was small, indicating that
this part was too short to carry on this work. When the honeycomb samples were pressed,
the samples themselves were not being pressed in, which indicates that they have strong
stress transfer ability. The maximum stress range of the bearing part was larger than the
square hole samples, so that the load bearing ability would be enhanced correspondingly.
The simulation results of triangular hole samples show that the high stress was mainly
concentrated in the tensile region of the bearing end, and the overall bending strength was
high. It is thought that due to their stable structural characteristics, the simulation results
of the samples with diamond holes show that the overall stress distribution of the samples
were more uniform. There was no obvious phenomenon of stress concentration in the
process of cylinder pressing because of the high deformability of diamond holes. However,
the deformation degree was relatively large. Under the action of pressing load, the bending
of the samples was obvious, which means that the resistance to deformation was poor.
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Figure 5. (a) Axial compression test simulation results and (b) Compression modulus of each sample
in axial compression test with different porosity.

The bending strength diagram for the bracket is presented in Figure 6. It can be
observed that the bending strength gradually decreases as the porosity increases [3]. Specif-
ically, the Triangle and Rectangle samples exhibit higher bending strength, with the former
performing significantly better than the latter at low porosity. However, as the porosity
increases to 62%, the bending strength of the Rectangle samples becomes superior to that
of the Triangle samples. On the other hand, the Honeycomb and Diamond samples display
poor bending strength. The results indicate that the bending strength of Triangle samples
increases 0.476 times, 0.528 times and 0.07 times compared to that of Honeycomb, Diamond
and Rectangle samples, respectively.
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Figure 6. (a) Three-point bending test simulation results and (b) Three-point bending results of each
sample with different porosity.

3.2. Performance Characteristics of 3D Printed B-TCP/PCL Scaffold

The viscosity, solid load and stability of FDM printed wire are important for the prepa-
ration of high performance porous scaffold. In this study, the slurry viscosity increased
with the increase of 3-TCP content in PCL matrix. When the content of 3-TCP in PCL was
greater than 30wt%, the raw material powder was difficult to disperse evenly. The slurry
fluidity was poor, easy to block the nozzle, and it was difficult to meet the requirements
of extrusion molding. When the content of 3-TCP was less than 30%, the extrusion line
was stable and continuous, and the molding was uniform, suitable for printing. The higher
the TCP content, the better the biological activity of the material [47,48]. Therefore, the
maximum filling volume of 3-TCP was selected as 30%wt in this study, similar to the
results of previous studies [49].

Figure 7a shows the biomimetic bracket with 30%3-TCP content prepared. The printed
parts have uniform texture and the side appearance c arranged in bundles. In Figure 7b,
it can be seen that the internal plane of the print is flat and the wire section is evenly
distributed. This indicates that the overall scaffolds pore size and morphology are uniform
and can maintain a certain connectivity. The printed porous 3-TCP/PCL scaffolds have
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good formability, which indicates that it is feasible to print the scaffolds using FDM 3D
printing technology [50,51].
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Figure 7. Photo of 3D printed bionic scaffold samples: (a) Photo of the pore shape of the samples;
(b) Profile view of the print samples.

Shrinkage rate 7 refers to the percentage between the design size of the sample V,
and the actual size V, cooled to room temperature after printing, which reflects the size
reduction degree of the sample after processing and cooling. The calculation formula is
shown in Equation (1). The shrinkage rate of each support in Figure 8 in different directions
(9.77 £ 0.09 mm long, 9.84 &+ 0.09 mm wide, 9.39 &+ 0.13 mm high) is calculated. The
results show that the length is 2.33 & 0.92%, the width is 1.61 &+ 0.88% and the height is
6.12 £ 1.30%. Compared with the length and width, the shrinkage rate of the height is
more obvious, which may be related to the effect of gravity in the printing and cooling
process of the material. However, they are all within 8%, which ensures the integrity of
the scaffold. It has proved that FEM technology can be used in the fabrication process of
bionic scaffold.
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Figure 8. The actual size of 30%3-TCP/PCL scaffolds with different porosity.

3.3. Mechanical Properties of 3D Printed B-TCP/PCL Scaffold

The stereomicroscope (ZEISS Stereo Discovery. V20, Carl Zeiss, Oberkochen, Ger-
many) was used to photograph the deformation of the compressed sample after the test.
Figures 9 and 10 show the results of lateral and axial compression of the sample block. As
can be seen from Figure 9, the square sample has distortion in the compression process, and
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the degree of deformation decreases with the decrease of porosity. Most of the distortion
parts occur in the middle of the sample, indicating that its support is too fragile to bear a
large lateral load. There is no obvious distortion and deformation of honeycomb samples
after transverse compression test, and the honeycomb structure can ensure the stability of
the overall structure in the compression process. But the honeycomb pore has changed
from regular hexagon to nearly rectangular, which will lead to the loss of structural sta-
bility. It can be seen from the observation of the rhomboid structure samples that a large
“collapse” phenomenon occurs inside the structure when the porosity is 65%, and a slight
distortion occurs when the porosity is low. The triangular sample is generally stable, and
it still maintains considerable stability with high porosity, while the pore shape does not
change greatly. The overall test results fit well with the simulation results, which proves
the effectiveness of FEM setting.

Porosity
61%

Rectangle

Diamond  Honeycomb

Triangle

Figure 9. Transverse compression deformation maps of four samples with different porosity.

As for the axial compression test, the following conclusions can be drawn from the
observation in Figure 10: compared with the transverse compression, the axial compression
samples have a smaller deformation degree. Square and triangular void samples have no
obvious deformation, and they maintain a better supporting capacity in the compression
process. The axial compression samples with honeycomb pores show torsional bending
phenomenon at the boundary at high porosity, which indicates that the bearing capacity of
the samples is damaged greatly, and there is no obvious deformation phenomenon at low
porosity, which means great stability. The overall stability of rhomboid samples is poor,
and the obvious torsion phenomenon occurs at both low and high porosity, indicating that
the stability is poor.
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Porosity
65% 63% 61% 59% 57% 55%

Rectangle

Diamond  Honeycomb

Triangle

Figure 10. Deformation figure in axial compression direction of four samples with different porosity.

For the three-point bending sample, the diagram of resistance and compression dis-
placement in the bending process is shown in Figure 11. The resistance of the sample in
the pressing process at the upper contact point increases rapidly with the compression
displacement. When the displacement exceeds this limit, the supporting force gradually
decreases. The ultimate bearing forces of the four pore structure samples under differ-
ent porosity conditions can be obtained in Figure 11. The ultimate bearing capacity of
triangular samples under 59%, 61%, 63% and 65% porosity conditions were the largest
among the four samples, while the ultimate bearing capacity under 55% and 57% porosity
conditions is smaller than honeycomb and square. The bearing capacity of the pores of the
rhomboid structure is the worst, and there is an obvious gap between them and the other
three structures.

—
160 4 : gé 160 4

140 4
g; 1404
1204

Rectangle
~——— Honeycomb
Diamond
Triangle

2 1004 %
S 80 g 100
[ =
60 80
° b3 \/\
20
404
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Figure 11. (a) Three-point bending resistance—displacement diagram of square pore with different
porosity; (b) Ultimate bearing resistance diagram in three-point bending test of four samples with
different porosity.
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4. Conclusions

In this study, the porous tricalcium phosphate (TCP)/polycaprolactone (PCL) compos-
ite scaffold was successfully prepared by FDM 3D printing technology for cancellous bone
tissue engineering. The optimum content of TCP is less than 30wt%. The simulation results
of transverse compression and axial compression were verified by experiments, and the
validity of the simulation results was proved. The results showed that FEM was effective
in predicting structural stability. The simulation and experiment showed that the trian-
gular pore structure had strong stability in compression and three-point bending process.
However, it is important to acknowledge that the study only focused on four specific pore
structures and further research is necessary to investigate the stability of different pore
geometries and sizes. Further research is necessary to validate and optimize the results and
to explore the potential of other scaffold designs and materials.
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