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Abstract

Cadaver bones and artificial bones are utilized to perform
preoperative studies and education purposes. Cadaver bones
are hard to find, require ethical permissions, and have infection
hazards. Therefore, commercial artificial bones are preferred in
practice. Nonetheless, since these commercial alternatives are
standardly produced in an average size and geometry, it is
almost impossible to adapt them to a specific surgical
simulation. In addition, these artificial bones have relatively high
costs, which limits their accessibility. On the other hand,
ColorJet printing (CJP), one of the three-dimensional printing
technologies, offers a rapid and cost-effective alternative.
However, whether the printed 3D-printed models can
mechanically comply with artificial bones is unclear. In this
study, 3D-printed bones and artificial commercial composite
bones were compared in terms of mechanical properties.
Compression tests were applied over 14 printed and 14
composite bones using the 1SO 5833 standard. Mechanical
properties including stress-strain, load to failure, and elastic
modulus were calculated, and these results were compared
using the two-sample independent t-test, which is one of the
statistical analysis methods. Consequently, there was no
significant difference between the bone models in terms of
stress and failure load values (p<0.52 and p<0.17, respectively),
however, the elastic modulus was statistically significant
(p<0.01). These test findings demonstrated that this technology,
which has a faster production capacity than other methods, can
show similar strength to artificial bones. Thus, 3D-printed bones
can be utilized instead of artificial bones in preoperative
planning, which needs patient-specific bone models, and
experimental biomechanical studies.

Keywords: Additive manufacturing; Commercial composite bones;
Preoperative applications; CJIP technology; Three-dimensional printing.
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Oz

Kadavra kemikleri ve yapay kemikler, ameliyat 6ncesi ¢alismalar
gergeklestirmek icin ve egitim amaciyla faydalaniimaktadir.
Kadavra kemiklerini bulmak zordur, etik izinler gerektirir ve
enfeksiyon tehlikesi barindirirlar. Bu ylizden uygulamada ticari
yapay kemikler tercih edilmektedir. Bununla birlikte, bu ticari
alternatif standart olarak ortalama bir boyut ve geometride
tiretildiginden onlari belirli bir cerrahi simllasyona uyarlamak
neredeyse imkansizdir. Ayrica, bu vyapay kemikler,
erigilebilirliklerini  sinirlayan  nispeten yiiksek maliyetlere
sahiptir. Diger yandan, ¢ boyutlu (3B) baski teknolojilerinden
birisi olan Colorlet baski (CJP) hizh ve uygun maliyetli bir
alternatif sunmaktadir. Fakat 3B’lu baskili modellerin mekanik
olarak yapay kemiklere uyum saglayip saglayamayacagi
belirsizdir. Bu galismada, 3B’lu baskili kemikler ile yapay ticari
kompozit kemiklerin mekanik 6zellikler agisindan karsilagtirmasi
gerceklestirilmistir. 1SO5833 standardi temel alinarak basma
testleri 14 baskili ve 14 kompozit kemiklere uygulanmistir.
Gerilme-sekil degistirme, kirilma yiku ve elastik modili gibi
mekanik 6zellikler hesaplanmis ve bu sonuglar istatistik analiz
yontemlerinden birisi olan iki 6rnekli bagimsiz t-testi kullanilarak
karsilagtirilmistir. Sonug olarak, kemik modelleri arasinda
gerilme ve kirilma yik degerleri agisindan anlamh bir fark
bulunmamistir (sirasiyla p<0.52 ve p<0.17), ancak elastik
modiili istatistiksel olarak anlamhdir (p<0.01). Bu test sonuglari,
diger yontemlere gore daha hizl Gretim kapasitesi bulunan bu
teknolojinin yapay kemiklerle benzer dayaniklilik gosterebilecegi
ortaya cikarilmistir. Boylece hastaya ozel kemik modelleri
gerektiren ameliyat 6ncesi planlamada ve deneysel biyomekanik
calismalarda yapay kemikler yerine 3B baskili kemikler
kullanilabilir.

Anahtar Kelimeler: Katmanli iiretim; Ticari kompozit kemikler; Ameliyat
oncesi uygulamalar; CJP teknolojisi; Ug boyutlu baski.

1. Introduction

Artificial bones are frequently used in health science
education, preoperative planning, biomechanical studies,
and finite element analysis-based validation process (Nagl
2021). They are produced from Polyurethane (PU) foams
consisting of bone-mimicking material (Navarro et al.
2008). There are four generations in the production

technology. The first-generation artificial bones consisted
of basic materials such as plastic and simple metal, which
were easily shaped and had low cost. The second
generation consisted of synthetic materials such as epoxy
resin and PU foam, enabling more realistic surgical
practices than the previous one. The bones from the first
and second generations have very low strength values
compared to real bones and not being able to imitate
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natural bone well (Victor and Muthu 2014). The third
generation includes composite materials made up of
varied polymers that outperform the previous ones in
mimicking bone's cortical and cancellous structures. The
fourth generation contains composite materials that are
more reinforced compared to the third and provided
results that were mechanically close to natural bone.
Bones from the third and fourth generations have closer
strength and stiffness values to the real bones (Elfar et al.
2014). These new-generation bones are good alternatives
to real bones to use in academic studies and education.
These models have similar mechanical, thermal, and
drilling properties to the real bone (Gardner et al. 2010).
On the other hand, thanks to advanced technology,
artificial bones not only provide mechanical properties
but also the future generation artificial bones, called
bioinspired materials, which play a biologically active role
and can be customized such as the three-dimensional
printing (3DP), are beginning to take their place today.

Artificial bones are preferred in many studies since their
use does not require ethical permission (Hausmann
2006). In addition, they have a standardized shape, which
increases the reproducibility, so that the achieved results
can easily be compared to the literature. The use of
artificial bones also prevents possible infection risks and
does not require special storage techniques. In addition
to all of these advantages, artificial bones also allow
performing a bone-based study in a limited time. On the
other hand, there are some drawbacks in using artificial
bones. Artificial bones cannot mimic real bones from
cadavers perfectly. In addition, new-generation bones are
quite expensive, and it becomes a challenge in low-
budget academic and educational studies, especially.
Since their product is standard in shape, to conduct an
academic study that requires different bone sizes is
impossible by using artificial bones only. To overcome
these drawbacks, three-dimensional printing technology
may be a low-cost alternative since it represents
promising rapid developments in its mimic ability (Lim et
al. 2016), recently.

3DP technologies can be categorized as Fused Deposition
(FDM), (SLS),
Stereolithography (SLA), powder-based or ink-jet, Direct

Modeling Selective Laser Sintering
Metal Laser Sintering (DMLS), Selective Laser Melting
(SLM), and Digital Light Processing (DLP) (Cheng et al.
2021). The first four technologies, however, are the most
widespread and considered fundamental. In the FDM
method, thermoplastic materials are melted using a hot
nozzle, and a product is formed via nozzle movements.
This technology has found common use due to its easy-

to-use structure, its affordable material prices, and its low

initial cost (Dudek 2013). Also, produced parts exhibit
remarkable resistance to different physical abrasives
throughout time. However, the use of supports in this
technique limits the mimic ability and surface finishing
(Kudelski et al. 2017). In addition, properly controlling the
melting temperatures of thermoplastic materials can be
highly challenging to achieve the required fluidity and
adhesion. The SLS technology produces parts through
sinter-powered materials such as plastic,c metal, or
ceramic powders using a laser (Fina et al. 2017). Printers
manufactured as SLS are very costly and have problems
occupying large areas, and complex printing processes
(Wu et al. 2008). The SLA technology produces models by
solidifying the resin liquid using UV light. It allows printing
parts with very fast, low-cost, and high-resolution
(Shahrubudin et al. 2019). However, it is not very
common in biomechanical studies due to the need for
support, the fragility of parts, and the inability to mimic
bone tissue (Miedzinska et al. 2020). In addition to these
technologies, the Binder Jetting (BJ) method prints parts
by combining powders with a binder and it can
manufacture artificial bones of similar size and porosity to
real bones (Zhang et al. 2021). ColorJet Printing (CJP) uses
the BJ technology and it can print parts in colour without
2016).
properties, it can produce useful

needing support (Kim et al Due to these
bone models in
biomechanical and anatomical studies (Bakhtiar et al.
2018). A brief comparison of these technologies is given

in Table 1.

Table 1. Comparison of the most common 3D printer
Technologies

3DTF:C|:-ter Pros Cons
Simple prototyping . L9W detal.ls
FDM Lowest price L|m!t§d de5|4gns
Difficulty in

Time-resistant parts
P temperature control

Rough surface
Long drying time
Expensive 3D
machines
Fragile resin parts
Sensitive to sunlight
Need for support
structures
Long drying time
Difficulty of use
Binder requirement

High resolution
SLS No support structures
Multiple productions

Highest resolution
Low material
consumption
Fast prototyping
High resolution
cJp No support structures
Fast prototyping

SLA

CJP  technology coagulates calcium sulfate-based
powders, which cover the printer bed, using a binder
(Brunello et al. 2016). The binder is sent from the feeder
to the movable print-head. After the binder is injected
into the powder parts, the build piston moves down one

layer and is filled from the powder supply through a

1507



Mechanical Properties of Composite Bones and 3D-Printed Bones Produced Using the CJP, CIKLACANDIR ve ISLER

leveling roller (Awari et al. 2021). When the printing is
complete, a particular period is waited for the printout to
dry, and the unbound powder particles on it are removed
with the help of a blower to be recycled. The part can be
immersed in a binder-filled container to increase strength
(Ziaee and Crane 2019). Color printouts can be performed
with the CJP method, and vessels, ligaments, and muscles
can be distinguished in different colors (Lee et al. 2017).
Therefore, anatomical models can be produced using CIP
technologies in accordance with biofidelity and can be
utilized in training, preoperative planning, and
biomechanical tests (Al-Dulimi et al. 2020).

3D printing has proven its advantages over medical
education, and preoperative planning (Mihcin and
Ciklacandir 2022). Among them, preoperative planning
aims to investigate all possible situations before the
operation starts, which increases the success ratio of

operations drastically (O’Toole Il et al. 1995).

On the other hand, bones are composed of porous
structures, this requires intricate 3D technologies (Du et
al. 2020). The validation studies showed that the printed
bones have similar mechanical and material properties to
the real bones (Lv et al. 2019). For example, Tai et al.
compared 3D-printed bone models with synthetic bones
in thermal and mechanical properties (Tai et al. 2018).
They showed that the thermal and drilling properties of
3D models were similar to those of cortical bones. Xu et
al. used a 3D-printed artificial bone, which is printed with
an FDM printer using a processed CT scan image, to repair
a goat femur (Xu et al. 2014). In another study, Hochman
et al. showed that real sheep bones and 3D printed
artificial bones, which are produced with BJ technologies,
have similar mechanical properties (Hochman et al.
2014).

In a general preoperative study, the core idea is to
manufacture a prototype of the body part using a 3D
printer, and then the operator simulates the surgery. For
this purpose, the Digital Imaging and Communications in
Medicine (DICOM) file of the patient is obtained from
computer tomography (CT) or magnetic resonance
imaging (MRI) methods first. These images are segmented
and processed by dedicated computer programs and
exported as STL files (Cimerman and Kristan 2007). Next,
these files are converted to G-Code, which is the language
of 3D printers, and transferred to the 3D printer
(Blaszczyk et al. 2021). Figure 1 shows the right and left
femoral heads, which were reconstructed to adhere
strictly to the DICOM file obtained from a patient and
printed with CJP technology in our laboratory (Mihcin and
Ciklacandir 2022).

Figure 1. Right and left femoral head specimens printed with
Colorlet Printing (CJP) technology

Since CJP technology has numerous advantages including
low-cost solution, high resolution, and rapid prototyping,
it can be considered to use in preoperative biomechanical
studies. Although this technology is proven in animal
studies, there is no comparison to real human bones or
commercially manufactured bone models. In this study,
we aimed to compare the mechanical properties of 3D-
printed tibial sawbones to those of artificially produced
commercial composite bones.

2. Materials and Methods
2.1 Material preparation

A total of 14 composite tibial Sawbones® manufactured
from glass-reinforced epoxy material (Third-Generation,
Pacific Research Laboratories, Vashon, WA) was prepared
for mechanical tests. Because of how closely their
mechanical characteristics and geometry resembled
those of natural bones, these artificial bones were
chosen. In accordance with I1SO 5833 guidelines, the
specimens were sliced into cylindrical shapes with a 25
mm radius and a 10 mm height. Specimens were
detached at the middle of the bone shaft so that
experiments provided consistent results. This point was
preferred because the material properties of the
specimen were more homogeneously distributed, easy to
sample and standardize, and reproducibility of
experiments. In some specimens, a perfect cylindrical
geometry could not be achieved as in 3D printing
specimens. To prevent this from affecting the results, the
surface area was calculated by taking images of each

specimen via the surface area calculator.

Cylindrical specimens were created with the same
dimensions in SolidWorks (v.2016, SolidWorks Corp., MA,
USA) and transferred to 3DPrint™ (v1.0, 3D Systems, Rock
Hill, South Carolina) software in the STL file format (Figure
2). Using Colorlet Printing (CJP) technology, they were
manufactured using the Projet 160 3D printer (3D
Systems, Rock Hill, SC, USA). In the CJP technique, the
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layer thickness was adjusted at 0.1 mm, which is regarded
as a relatively high value of 0.17 mm in the FDM method.
Following the completion of the printing process, the
powder particles (VisiJet® PXL™ Core) were bonded with
a binder (PXL™ Binder) and dried for about two hours.

Figure 2. a) Specimen dimensions for ISO 5833 standards, b)
Placement of specimens in the building area

2.2 Mechanical test

The compression test is a method based on the principle
of shortening or pressing the length of a specimen by
applying a compressive load to the material (Beaupied et
al. 2007). Using the Shimadzu AG-IC tester (Shimadzu
Corp., Kyoto, Japan), the specimens were subjected to the
compression test. The load cell has a 10kN capacity, which
is more than sufficient, and throughout the experiment,
the test speed is set at Imm/m. A compressive test was
applied with a maximum displacement of 3 mm for each
specimen. Since this is considered to be the greatest
displacement at which the specimens could fail. Figure 3a
illustrates the implementation of a compression test on
composite bones. Similarly, a printed bone specimen in
the experiment and its failure status after the test are
shown in Figure 3b-c. The results of the analysis recorded
by Trapezium X software during tests were used to derive
the values of compressive stress, strain, and elastic
brief
explanation of the formulae used to compute all of this.

modulus. The following section provides a

Stress is the amount of force acting on a unit area. In

compression or axial loading, a force is applied
perpendicular to the surface area to deform the material.
After escalating force magnitude gradually on a specimen,
the failure point, which occurs at any time, is the place at
which deformation starts and becomes an irreversible
process for the material. Stress is calculated with
F(N)
A (mm?2)

o (MPa) = (1)

where F represents the applied force, A is the cross-
section area, and o is the stress.

Strain refers to how much material under load changes its
shape compared to the state before the load is applied.
The calculation of strain is represented by the following
formula

_ AL (mm)
&= 1o mm)

(2)

where € denotes the strain, AL is the total elongation, Lo
is the original length. A stress-strain diagram is the most
common way to analyze the material’s relationship
between stress and strain. By computing the slope in the
elastic region of this graph, characteristic information
unique to each material can be gathered. Among these,
the elastic modulus is the most frequently encountered
expression. It states the deformation property of a
material to return to its original shape under low stresses
after this stress is removed. The stress and strain are
directly proportional in the elastic region (Hooke’s law) as

o (MPa)

E (MPa) = (3)

where E is elastic modulus.

Figure 3. Before and after compression test of specimens (a-b)
Composite tibial Sawbones (c-d) Printed specimens, respectively

2.3 Statistical analysis

Statistical analysis was performed to determine the
difference between the groups whose calculations were
completed as mentioned in the previous section. To
ascertain whether or not there was a statistically
significant difference between the two groups, the
independent t-test (sometimes called a two-sample t-
test) was employed. The computation of this test involves
dividing the difference between the two sample means by
the estimated standard error, which can be either pooled
or unpooled. All analysis of specimens was computed on
the SPSS (v.25, IBM, NY, USA) software. If a test result is
less than 0.05 level, then it can be concluded that there is
a significant difference between these two groups for the
corresponding parameter.
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3. Results

The total printing time of the parts produced with 3DP
took 32 minutes. It was used a 21.2 ml binder for cylinders
printed in monochrome. The total volume of parts was
obtained at 68.6 cm?, and the total surface area was
calculated at 247.1 cm? The printing information
estimated by printer software about a specimen is
necessary to calculate the cost of the material.
Consequently, the estimated cost of printing needed to
produce 3DP bone that resembles composite bone is $15
per bone.

Results of composite bone and printed bone specimens
are graphed in Figures 4a-b in the force versus

displacement. In the first figure, composite bone
specimens had slightly different results, the reason is that
they were collected at different times and the effect of
waiting periods. With composite bone specimens, a force-
driven horizontal movement appeared at a displacement
of approximately 3 mm and maximum force values were
obtained for all. Accordingly, the maximum failure loads
were observed at 4707.5 N for composite bones and

4565.6 N for 3DP cylinders. In addition, it emerged that

while results differed amongst themselves for composite
bone, 3D-printed specimens showed very consistent
results. Stress and strain results derived from the
force/displacement graphs are given in Figures 4c-d.
These graphs, which are required to determine the elastic
modulus, resemble the force/displacement graph quite a
bit. In 3DP specimens, the highest stress was recorded at
8.97 MPa, whereas it was obtained at 11.71 MPa in
composite bones. The visualization of only five specimen
results is shown in Figure 4b-d due to the high degree of

similarity among the 3D-printed specimens.

For both groups, the elastic modulus values computed
using equation (3) are given in Table 2. The maximum
elastic modulus value of composite bones was 71.51 MPa,
while the lowest value was 15.60 MPa. On the other hand,
the maximum elastic modulus of the 3DP models was
191.59 MPa, and the minimum elastic modulus was
120.77 MPa.
composite bone, higher means were observed for stress,

Comparing 3D-printed specimens to
strain, and elastic modulus. During the experiment,
failure points were also observed and the results for both
groups are given in the same table.

a) 4800 )4800
42007 4200
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Strain
Figure 4. Compression test results (a) Force-Displacement graphs of composite bones (b) Force-Displacement graphs of 3DP cylinders
(c) Stress-Strain graphs of composite bones (d) Stress-Strain graphs of 3DP cylinders.

Table 2. Mechanical comparison of 3DP cylinders with composite bones

Units Number of Composite Bones 3D-Printed Cylinders p
Samples (N) (Mean £ SD) (Mean % SD)
Compressive Stress MPa 14 3.97+2.39 4.69+0.41 0.52
Elastic Modulus MPa 14 38.06 £21.12 155.76 + 26.59 0.01*
Failure Load N 14 2196.19 + 854.85 2261 + 85.07 0.17

* indicates statistically significant differences and the significant value was 0.05
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The independent two-sample t-test was chosen because
the results of both experiments contained continuous and
non-categorical data. The results of the t-test for stresses,
elastic modulus, and failure load are, in that order, 0.52,
0.01, and 0.17. The statistical significance level was
determined as 0.05. As a result, there are no statistically
significant differences between compressive stresses and
failure load capacities of commercial bone models and
those of 3D-printed bones. On the other hand, the elastic
shows a difference

modulus significant  statistical

between composite bone models and 3D-printed bones.

4. Discussions

3DP technology still has a lot of challenges that need to
be handled even if it can produce merchandise more
rapidly than conventional methods. These concerns can
be tackled with the help of the CJP method (Abdullah et
al. 2019). Its capacity to spray binder and uniformly
manufacture new layers over the printing area allows it to
produce material faster than other printer technologies.
This technique outperforms FDM technology in terms of
effort and time because it doesn't need support in that
the printer bed is covered in powder particles. In the
study by Fatma et al. comparing FDM and CJP, it was
determined that CJP required 1/3 less time than FDM on
the same model (Fatma et al. 2021). However, this time
goes up exponentially if there are more parts in the
printing area. As a matter of fact, printing using CJP took
32 minutes in our study; nevertheless, if the identical
samples had been printed using FDM, the printing
duration may have reached as high as 380 minutes. This
duration should not be underestimated in applications
where rapid prototypes are at the forefront, such as
preoperative planning.

Even though CJP has an edge in terms of time, its strength
performance is not as desirable. Fatma et al. revealed that
CJP has lower strength compared to other technologies.
Similarly, Wu et al. measured an elastic modulus of 2.3
GPa according to their tests on materials produced with
FDM (Wu et al. 2020). On the other hand, in this study,
this value was calculated as 0.155 GPa, indicating that
much lower strength was obtained compared to FDM.
Regarding synthetic bones, on the other hand, the range
of compressive strength that they achieved was 1.4t0 5.4
MPa. The mean compressive stress of artificial bone, 3.97
MPa, was pinpointed to be quite near to the Wu et al.
(2020) study. Albeit not as impressive as FDM, CJP
samples exhibit a mean 4.69 MPa strength advantage
over artificial bones.

The elastic modulus of powder material was reported to
be as high as 125 MPa in a study (Dini et al. 2022).

According to our study, the binder dipping that was
performed after the printing process was finished caused
this value to escalate to a mean of 155 MPa. Furthermore,
the fact that the 3DP results are much superior to artificial
bones—which have an average elasticity of 38 MPa—is
demonstrated. The elastic modulus of PU foam, which is
formed in accordance with ISO standards, has been
significantly lowered because to its comparatively greater
cellular ratio as compared to solid structure. In another
study, an elastic modulus of 58 MPa was obtained for
Sawbone bones with a cancellous structure, which
coheres the maximum value of 59 MPa we obtained in
artificial bones (Zdero et al. 2023). In addition, elastic
modulus of 3D-printed bones showed a significant
difference when compared statistically with artificial
bones. This is most likely because its cellular structure
contains substantial quantities of artificial bone.

When it comes to cost, artificial bones are about S56,
whereas 3D-printed bones cost about $15 per bone.
Additionally, by using less binder in anatomical models
intended for instructional uses—where strength is not a
priority—cost savings can be realized. Artificial bones are
being swapped with 3DP technology to diminish
expenses, particularly in experiments where a large
number of samples are biomechanically analyzed (Nagl et
al. 2022). In addition, the printer device prices that this
technology brings with it are another crucial factor
regarding expenses. The most affordable technologies
among them are SLA and FDM, whereas the most
expensive machines are SLS with a laser system. CJP is
somewhat more expensive than FDM even though it is
less expensive than SLS. On the other hand, models with
complicated geometries need to be printed with a high
accuracy and resolution for these technologies to be
indispensable in the healthcare industry. Although it
varies across manufacturers, FDM offers axis resolutions
of 0.5mm, SLA 0.2mm, and SLS 0.075mm; nevertheless,
because of the tiny powder particles in CJP, this ratio can
drop to 0.05mm (George et al. 2017). In addition, a
detailed comparison of composite bones and 3DP bones
is shown in Table 3.

Table 3. Comparison of composite bones and 3DP bones
properties

Composite Bones 3DP Bones
Comp. Stress 1.4-5.4 (Wu et al. 2020) 4.69 (Our
(MPa) 3.97 (Our Study) Study)
Elastic 125 (Dini et al.
Modulus 58 (Zdero et al. 2023) 2022)
59 (Our Study) 155.76 (Our
(MPa)
Study)
Cost (Per
Bone, $) 56 15
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3DP technology has become widespread with its
affordable cost; however, it has not yet achieved the
expected development in healthcare (Choonara et al.
2016). By eliminating a number of drawbacks between
3DP technologies, the CJP
advantageous. On the other hand, artificial bones, which

approach could be
are widely utilized in the healthcare industry and have
restricted accessibility owing to their high cost, do not
provide custom-made possibilities because they follow a
Thus, this
technology has been initiated recently in preoperative

standardised production methodology.
planning because commercial composite bones are hard-
to-adapt to the patient (Kadakia et al. 2020). In this
mechanical comparison, 3D-printed and composite bones
show extremely similar stress results and even a higher
elastic modulus, suggesting that they might be a viable
substitute for artificial bones. As a result, CIP technology
does not require printing extra support. In addition, color
printing may facilitate to differentiate anatomical
structures easily, which may be very useful in simulation
studies and medical education (Ruiz and Dhaher 2021).
The CJP approach may be used in the healthcare industry
to benefit greatly from the numerous advantages that this
evolving and diverse technology offers. Notwithstanding
the fact that 3D-printed bones indicated advantageous in
this study with regard to cost, time, and durability, several
limitations still need to be addressed.

Firstly, the printing area and the resolution are limited.
Projet 160, used in this study, for example, has a printing
volume of up to 185 x 236 x 132 mm with a printing
resolution of 300 x 450 dpi. The entire femur bone of an
average adult human cannot be printed using this printer.
The partially printed bone parts may be a solution in this
case. Thanks to rapidly developing technology, new CJP
devices will have a larger build volume in the near future
(Rafiee et al. 2020). The second drawback of this
technology is the drying process following the printing.
This takes about two hours or more depending on the size
of the printed parts. However, since the production time
is shorter than other printing methods, it compensates for
this extra wait period. Finally, natural bone has
anisotropic properties composed trabecular and cortical
structures, though 3DP technologies can generate bone
models with uniform material. This issue may be resolved
by adjusting the infill ratio, one of the printing

parameters, to ensure that the interior structure
represents the trabecular structure. As a result of
reducing this ratio, the strength of the structure can be
reduced because it means less binding of powder
particles that will

keep up inside during printing.

However, unlike other printing technologies like FDM,

there must be escape holes so that powder can discharge
from the enclosed area.

5. Conclusions

Rapid prototyping and high-quality models that are
similar to the morphological bone structure of a patient
in applications such as biomechanics-based studies and
pre-operative planning have now been facilitated thanks
to the innovations brought by CJP technology. However,
comparing 3DP bone samples to natural bone, the
mechanical properties still need to achieve the necessary
standard. Therefore, this study has demonstrated that
generating 3DP bone specimens instead of expensive and
non-customizable composite artificial bones, which are
commonly utilized, is appropriate for mechanical
properties. In addition, a significant difference in elastic
modulus was observed between both bone types.
Nevertheless, the interior and exterior structures of
natural bone cannot yet be precisely replicated by this
method and 3DP models are a bit fragile. Further research
is required to boost the strength using a more durable
binder and to mimic the properties of natural bone's

cortical and cancellous components.
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