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ABSTRACT: The objective is to determine which biopolymer has the best 3D printing
characteristics and mechanical properties for the manufacture of a bioscaffold, using
the fused deposition printing technique, with models generated from an STL file
obtained from a Micro-CT scan taken from a bovine iliac crest bone structure. Through
an experimental exploratory study, three study groups of the analyzed biopolymers
were carried out with thirteen printed structures of each one. The first is made of
100% PLA. The second, 90B, we added 1g of diatom extract, and the third, 88C,
differs from the previous one in that it also contains 1g of calcium phosphate. The 39
printed structures underwent a visual inspection test, which required the fabrication of
a gold standard scaffold in resin, with greater detail and similarity to the scanned bone
structure. Finally, the structures were subjected to a compressive force (N) to obtain
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the modulus of elasticity (MPa) and compressive strength (MPa) of each one of them. A
statistically significant difference (p=0.001) was obtained in the printing properties of
the biomaterial 88C, compared to 90B and pure PLA and the 88C presented the best 3D
printing characteristics. In addition, it also presented the best mechanical properties
compared to the other groups of materials. Although the difference between these
was not statistically significant (p=0.388), in the structures of the 88C biomaterial,
values of compressive strength (8,84692 MPa) and modulus of elasticity (43,23615
MPa) were similar to those of cancellous bone in the jaws could be observed. Because
of this result, the 88C biomaterial has the potential to be used in the manufacture of
bioscaffolds in tissue engineering.

KEYWORDS: Bio scaffolding; PLA; 3D printing; FDM; Biomaterial; Bone [AND] defect;
Diatoms; Calcium phosphate.

RESUMEN: EI objetivo es determinar cual biopolimero presenta las mejores
caracteristicas de impresion 3D y propiedades mecanicas para la fabricacion de un
bioandamiaje, utilizando la técnica de impresion por deposicion fundida, con modelos
generados a partir de un archivo en formato STL que se obtuvo de un Micro-CT Scan
de una estructura osea de cresta iliaca bovina. Mediante un estudio exploratorio, se
realizaron 3 grupos de estudio con trece estructuras impresas de cada uno. El primero,
se compone 100% de PLA. El segundo, 90B, se le agrega 1g de extracto de diatomea,
y el tercero, 88C, se diferencia del anterior ya que contiene ademas, 1g de fosfato
de calcio. A las 39 estructuras impresas se les realizd una prueba de inspeccion
visual, por lo que se requirid la confeccion de un patron de oro en resina, con mayor
detalle y similitud a la estructura 6sea escaneada. Finalmente, las estructuras fueron
sometidas a una fuerza compresiva (N) para la obtencion del modulo de elasticidad
(MPa) y de la resistencia compresiva (MPa) de cada una de ellas. Se obtuvo una
diferencia estadisticamente significativa (p=0,001) en las propiedades de impresion
del biomaterial 88C, con respecto al 90B y al PLA puro, presentando las mejores
caracteristicas de impresion 3D. Ademas, obtuvo las mejores propiedades mecanicas
en comparacion con los otros grupos de materiales. Aunque la diferencia entre estos
no fue estadisticamente significativa (p=0,388), en las estructuras del biomaterial
88C, se pudieron observar valores de resistencia compresiva (8,84692 MPa) y modulo
de elasticidad (43,23615 MPa) que son semejantes a los del hueso esponjoso de los
maxilares. A razon de este resultado, el biomaterial 88C cuenta con el potencial para
ser utilizado en la fabricacion de bioandamiajes en la ingenieria tisular.

PALABRAS CLAVE: Bioandamiaje; PLA; Impresion 3D; FDM; Biomaterial; Defecto[AND]
6seo; Diatomeas; Fosfato de calcio.
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INTRODUCTION

Defects in craniofacial bone tissue come
from multiple complications such as trauma, surgi-
cal resections, congenital defects (for example
cleft lip and palate), pathologies, and frequent
chronic infections (e.g. tooth decay and perio-
dontal disease). Given this problem, research
has had to be developed in new fields, such as
tissue engineering for the manufacture of bone
grafts (1,25), which has allowed great advances
in regenerative medicine, restoring functionality to
bone tissue.

Since the 2000s, 3D printing applications
have been made in bone tissue engineering.
Scaffolds have been produced to provide support
for cells to grow and regenerate before migrating
to the site of interest to form new tissue. Another
application is the regeneration of bone tissue, by
producing scaffolds as temporary structures that
induce bone regeneration and subsequently, the
material is reabsorbed by osteoclasts (26). There-
fore, an ideal scaffold reabsorbs at a rate equal to
that of the developing tissue (12,13).

For the development of a scaffold model
that reproduces bone morphology, it is possible
to implement Micro-CT Scan technology, since it
achieves excellent reproducibility and precision of
the images obtained by scanning bone tissue in
DICOM files, which can then be converted to STL
format, which is compatible with 3D printers (3,8).

Fused Deposition Modeling (FDM) is a 3D
printing technique consisting of additive fabrica-
tion, that can produce 3D objects with complex
and precise geometries from CAD data (14, 21,11).
This is based on the reproduction of a 3D model
from the superposition of sequential layers of a
thermoplastic material that has a low melting point.
This type of printing uses an XYZ plotter device,
an extrusion head, and has a plastic filament that
through a heater, passes into a semi-molten state,

to be deposited on a platform, where a structure is
formed layer by layer (13,28). The fused deposition
modeling method requires thermoplastic materials
with suitable physical and mechanical properties,
such as polylactic acid (PLA), which is a material
that allows the manufacture of complex struc-
tures with a good degree of precision (6,7,20).
Incorporating other components to PLA seeks to
improve the characteristics of a bioscaffold, such
as biocompatibility, biodegradability, and mecha-
nical properties similar to bone (27). Among the
components that can be added for biomaterial
enhancement in the creation of scaffolds for bone
regeneration are diatom frustules which, thanks to
their silica composition and porous surfaces, when
in contact with osteoprogenitor cells increase
longevity and cellular osteoactivity (5,9,18,22,23).
This generates an optimal environment for the
formation of bone tissue with clinical application
in maxillary defects such as cleft lip and palate
(10,19). Another component that can improve
the biomaterial is calcium phosphate, which is
chemically similar to human bone and has optimal
biodegradability, thus allowing bone growth and
regeneration once it has been degraded, as well
as activation of the osteogenesis process (16,24).

The objective of this research is to deter-
mine which biopolymer presents the best 3D printing
characteristics and mechanical properties for the
fabrication of a bioscaffold, assuming that there is no
statistically significant difference between any of
the biomaterials to be observed, in terms of printing
characteristics and mechanical properties.

METHODS

An exploratory experimental study was
developed, where an open protocol was implemen-
ted to be able to print from a Micro-CT Scan the
recreation of a bone structure that can be used, in
the future, as a bioscaffold and thus, indicate the
composition of the biomaterial that has the best
printing characteristics to achieve this function.
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This project was approved by the Scientific Ethics
Committee of the University of Costa Rica, in its
126th session, on November 28, 2018. An N
force was applied to each of the printed structures
through a mechanical compression test to obtain
the modulus of elasticity and compressive strength.

The microtomography is from a bovine iliac
crest, taken with a Carl Zeiss Ltd Micro-CT Scan,
CT5000, from the School of Engineering Design
and Mechanics, University of Portsmouth, United
Kingdom. The 3D structures were printed using the
fused deposition modeling technique with the Origi-
nal Prusa 3i printer. Three types of polylactic acid or
PLA-based biopolymers were manufactured using
the Filabot EX2 filament extruder. The first biopo-
lymer is 100% composed of PLA. The biomaterial
90B, is composed of 20g of polylactic acid per 1g
of diatom extract and 88C differs from the previous
one as it also contains 1g of calcium phosphate.

A sample was determined with a confi-
dence level of 95%, a goodness of fit of 80%, and
a maximum permissible error of 235 MPa in the
average compressive strength to be used later in
the mechanical tests with the following formula:

(Z(n—%) +Z<'-ﬂ>)2 :

nz (o)

(a)

Where:

e n: sample size

¢ 7(1-a/2): the value associated with the level of
confidence in the standard normal distribution.

¢ 7(1-[3): the value associated with the power of
the test in the standard normal distribution.

e d: the maximum permissible error equal to 5%
in MPS strength.

e 02: maximum variability observed in the study
by F.S. Senatovn et al.

Once the real values are integrated into the
formula, the result is as follows:

_ (1.96+0.84)2
T (239)?

(9,2)2=13

The final sample, according to the described
formula, is:

Np=n+*c= 3% 13=39

Where:

e nf: final sample.
e ¢: number of interactions in the experiment.

An n of 13 structures was determined for
each biopolymer. It was decided to print these
structures at a printing scale of 150% since this
ratio gave the best printing results.

Failed impressions were taken into account
in the collection of results only to indicate the
impression feasibility of each group of structures.

A visual inspection test was performed
which required the production of a gold standard
printed on resinous material, White V4 on the Form
2 printer from Form Labs. The structures that were
completely printed were visually evaluated on a
scale of | to Ill, depending on their similarity to the
gold pattern printed in resin and according to the
following scale (Table 1).

Table 1. The scale of visual inspection of printed
structures compared to the resin pattern.

Yes The impression of the structure is achieved

| Closely resembles the resin pattern

Il Partially resembles the resin pattern

Il Does not resemble the resin pattern
No The impression of the structure is not achieved
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This visual inspection was carried out by
a single operator to ensure the same subjective
opinion. Using a digital microscope, photographs
of each of the printed structures were obtained
and compared with the resin standard created.

Finally, each printed structure was subjec-
ted to a compressive force using the Instron
Electro Plus E3000 universal testing machine. A
compressive force N was applied to each of them,
with a displacement of 15mm, at a speed of 5mm/
min, to determine the compressive strength and
Young's modulus or elasticity of each one of them,
to compare the 3 study groups.

Data were stored in Microsoft Excel and
analyzed with SPSS version 22 statistical analysis
software. Descriptive statistics, including means,
standard deviations, and standard errors, were
calculated for all measurements.

Once the data for the validation, reliability,
and operability of the protocols and results genera-

ted were obtained, the distribution of frequencies
of the variables, crossing of variables, analysis of
statistical association, and analysis of variance
was applied as a statistical method; comparisons
were made at 95% confidence.

RESULTS

The distribution of the materials accor-
ding to the printing detail (Table 2) presented a
statistically significant difference (p=0.001). As
shown in Table 3, the 88C biopolymer presented
better printing properties, which can be affir-
med because there were more printed structu-
res with good print detail, while with the pure
PLA biopolymer, most of the prints had fair print
detail and in the 90B biopolymer prints, the print
detail was poor.

When looking at the 88C material prints,
80% of them had excellent print detail. To obtain
the sample of material 88C, 15 print attempts were
made, because 2 of the prints were not completed.

Table 2. Sample distribution according to biomaterial by print detail.

Print detail
Material Deficient Regular Well Total
# % # % # % # %

88C 2 13,3% 1 6,7% 12 80,0% 15 100%

90B 16 51,6% 4 12,9% 11 35,5% 31 100%

PLA 0 0,0% 12 92,3% 1 7,7% 13 100%

Total 18 30,5% 17 28,8% 24 40,7% 59 100%
Analysis of printing detail of the different types of biopolymers according to a printing scale poor, fair, or good.
Table 3. Observation of structures printed with 88C, 90B, and PLA material.

Observation 88C Cases 90B Cases PLA Cases

Excellent 12 11 1

Incomplete printing 2 18

Notches and color changes 2 12

Excess material at the base 1

The structures of 90B, 88C, and PLA materials are grouped according to their observations when printed.

ODOVTOS-Int. J. Dent. Sc. | No. 25-2: 112-122, 2023 | ISSN: 2215-3411. 116



>hez el al 3D Printing Characteristics and Mechanical Properties of a Bio Scaffold Obtained from a Micro-CT Scan

Biomaterial 90B presented greater variability
in the observations, mostly because the impression
was not 100% complete. On the other hand, in
the PLA biomaterial, only one sample was conside-
red excellent because the majority of them presented
areas of material with a color change or with notches.
Finally, 86.7% of the total impressions of the 88C
biomaterial were able to print 100% in the first
attempt. With biomaterial 90B, 58.1% of the structu-
res failed to print 100% on their first attempt; there-
fore, to complete the sample, a total of 31 attempts
were made. However, when using the pure PLA
biomaterial, 100% of the impressions were obtai-
ned on the first attempt with alterations (Table 4).

The structures of the 88C and 90B materials,
which achieved 100% printing, were visually
compared with the gold standard printed on White
V4 (Figure 1) resin and it was observed that they
partially resemble the gold standard, however, the
structures of the PLA prints do not resemble the
gold standard (Table 5).

When subjecting the bioscaffolds to mecha-
nical strength tests, as shown in Table 6, the

force (N) used to obtain the compressive strength
(MPa) and modulus of elasticity (MPa) of each of
the biomaterials used is detailed. Based on the
variables mentioned above, it can be observed
that the average of the PLA biomaterial was lower
than that of the 90B, while the 88C biomaterial
obtained the highest values, with an average
force of 1272.2308 N, a compressive strength
of 8.84692 MPa and a modulus of elasticity of
43.23615 MPa.

The most variable material among the three,
in terms of strength and compressive strength
results, was 90B, while 88C was in the variable of
the modulus of elasticity.

Since there is no homogeneity of variances
among the biomaterials (p=0.0001), we procee-
ded to use the Jonckheere-Terpstra test to test the
hypothesis that the averages of strength (p=0.009)
and compressive strength (p=0.014) show no diffe-
rence between all the groups of biopolymers, while
no statistically significant difference (p=0.388)
was found between the groups in the modulus
of elasticity.

Table 4. Printing attempts according to biomaterial by achievement percentage.

Print
Material Not achieved Achieved Total
# % # % # %
88C 2 13,3% 13 86,7% 15 100,0%
90B 18 58,1% 13 41,9% 31 100,0%
PLA 0 0,0% 13 100,0% 13 100,0%
Total 20 33,9% 39 66,1% 59 100,0%

The percentage of print attempts to obtain 100% of the structure is displayed according to the type of material.
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Figure 1. Microscope images at 40 X resolution.
The images show: A. gold standard, B. PLA pure, C. 88C, and D. 90B.

Table 5. Inspection results and visual comparison with the gold standard.

Visual inspection result

Material No resemblance to the Partially resembles the Closely resembles the Total
gold standard gold standard gold standard
# % # % # % # %
88C 0 0,0% 13 100,0% 0 0,0% 13 100,0%
90B 0 0,0% 13 100,0% 0 0,0% 13 100,0%
PLA 13 100,0% 0 0,0% 0 0,0% 13 100,0%
Total 13 33,3% 26 66,7% 0 0,0% 39 100,0%

Table 6. Results of the variables Force (N), Compressive Strength (MPa), and Modulus of Elasticity
(MPa), according to the material sample.

Variables Group Median Standard deviation N
Force (N) 88C 1272,2308 324,83230 13
90B 463,7454 362,38107 13

Pure PLA 200,9923 71,32428 13

Total 645,6562 538,20976 39

Compressive strength (MPa) 88C 8,84692 2,412745 13
90B 3,50477 2,739083 13

Pure PLA 1,44308 0,631524 13

Total 4,59826 3,784662 39

Modulus of elasticity (MPa) 88C 43,23615 39,573622 13
90B 21,74569 13,045416 13

Pure PLA 4,21385 2,311495 13

Total 23,06523 28,484038 39
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DISCUSSION

Regarding the results of the PLA biopolymer
printing tests, being a pure material, 100% of the
prints were obtained in the first attempt. However,
most of the samples presented areas with color
changes and notches in their structure.

About biomaterial 90B (composed of 95.2%
of PLA and 4.8% of diatom frustules), it required
the most repetitions of printing attempts of the
structures, due to clogging of the printer extruders
with the biopolymer.

The biopolymer material 88C (composed of
91% of PLA, 4.5% of diatomaceous frustules, and
4.5% of calcium phosphate), presented a better
behavior when printing the structures, with 86.7%
of the samples printed 100% on the first try. It
also showed the best results in the mechanical
tests, obtaining an average force of 1272.2308N,
a compressive strength of 8.84692 MPa, and
a modulus of elasticity of 43.23615 MPa. The
mentioned results of biopolymer 88C were the
highest values when compared to the other two
materials and it is worth noting that they coincide
with the ranges of the mechanical properties of
cancellous bone reported in the literature, where
the compressive strength is in the range of 2-12
MPa and the values achieved in the modulus of
elasticity are close to the range of 50-500 MPa (4).

Upon visual inspection of the impressions
and comparison with the gold standard made of
resin (technique with better resolution), it was
observed that 100% of the structures printed with
the 88C and 90B biopolymers partially resemble
the gold standard, while the PLA structures do not
resemble the gold standard at all.

Regarding the null hypothesis, it must
be partially rejected, since a statistically signi-
ficant difference (p=0.001) was obtained in the
printing properties of the 88C biomaterial compa-

red to 90B and pure PLA. Due to its composi-
tion based on PLA, diatom frustules, and calcium
phosphate, the 88C biopolymer has the best 3D
printing characteristics, using the fused deposi-
tion modeling technique, from stereolithographic
models obtained with Micro-CT Scan. In addition,
the 88C biomaterial also showed the best mecha-
nical properties compared to the other groups of
materials. Although the difference between them
was not statistically significant (p= 0.388), in the
88C biomaterial structures, values similar to those
of cancellous bone could be observed.

To create a biopolymer for the manufacture of
bioscaffolds, each printing filament used was made
by hand, making it difficult to control their diameter.

The Prusament filaments used in the Origi-
nal Prusa 3i 3D printer, are manufactured with a
homogeneous and consistent diameter of appro-
ximately 1.75mm (tolerance of =+0.002). Accor-
ding to Cardona et al. (2016), inconsistent filament
diameter can cause serious complications during
extrusion, but it remains debatable whether small
deviations in diameter can affect the printing result
(17). The above is observed in the impressions of
filament 90B, in which 58.1% of impressions failed.

The biomaterial 88C filament presented
a better behavior when printing structures, this
may be due to its composition: PLA, diatoms,
and calcium phosphate. The latter component is
a ceramic material, which has been incorporated
into different bioscaffolds to improve their mecha-
nical properties, this is evidenced by the values
obtained in compressive strength, which is the
most commonly tested mechanical property for
ceramic scaffolds (16). Calcium phosphate and
bone apatite (mineral phase of bone tissue) are
similar in both their crystal structure and chemi-
cal structure. Apart from improving the mecha-
nical characteristics of the scaffold, it has osteo-
conductive, osteogenic, and o0sseointegration
properties (16).
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Also, by adding diatom frustules to a material
such as PLA, a nanostructure (composed of silica)
is obtained in the printed bio scaffolding, which
was possible using a low-cost, not very specia-
lized 3D printer. This structure would generate a
favorable environment for interaction with the cells
(osteoactivity) because it has a great potential for
osteoinduction and osteoregeneration, since silica
plays a fundamental role in bone formation in the
body, in the osteoblast function, and the induction
of the mineralization process (6,9).

This study is a point of reference for develo-
ping research focused on tissue engineering
applied to tissue regeneration in bone defects,
such as patients with cleft lip and palate, because
there are currently very few studies in the literature
on tissue regeneration of bone defects associated
with this condition, although it is one of the most
common craniofacial abnormalities in humans
(15). In this way, a bioscaffold 3D printed with
optimal mechanical characteristics could be used
to replace missing bone tissue in these patients.
Thanks to this study it is possible to observe
the behavior of a new biomaterial that could be
used in the field of tissue engineering for bone
regeneration in the future, which is made up of
low-cost materials such as diatom extract, calcium
phosphate, and the PLA. Taking into account
that the 88C group offered the best printing and
mechanical test results, it is expected that at some
point the manufacturing processes of this filament
will be standardized, to have more control over the
thickness and other variables, such as diameter,
consistency and mechanical properties that may
affect the filament manufacturing process.

CONCLUSION

The biomaterial with the best printing
characteristics and mechanical properties, to
elaborate a bioscaffold using 3D printing using the
fused deposition modeling technique from stereo-
lithographic models derived from a Micro-CT

Scan, was the 88C biopolymer. The combination of
PLA, calcium phosphate and diatom frustules not
only provides biocompatibility and biodegradability
properties but also provides better compressive
strength to the bioscaffolds, and for this reason,
it can be said that it presented a mechanical
behavior similar to that of the cancellous bone of
the maxillae.

The 88C biopolymer could become a material
with the potential to be used in the manufacture of
bioscaffolds in tissue engineering. Using acces-
sible and affordable 3D printers and materials,
the creation of a bioscaffold with good printing
characteristics can be achieved.
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