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3D printing; Introduction: Bone defects are one of the main limitations in orthopaedic surgery and trau-
Bone defects; matology. For this reason, multiple bone replacement systems have been developed, either by
Bone matrix; prosthetic implant or by substitution with osteoforming substances, whose limitations are their
Bone reconstruction; survival and lack of structurality, respectively. The objective of this work is the generation of
3D models a new material for the creation of biologically active structures that have sufficient tensile

strength to maintain the structure during remodelling.

Material and methods: A new filament based on the fusion of natural polylactide acid (PLA)
powder was designed for the generation of pieces by means of fused deposition modelling
(FDM) on which to carry out tensile mechanical tests of osteosynthesis material. A total of 13
groups with different cortical thickness, filling and layer height were carried out, with 10 tensile
tests in each group, defining the tensile breaking limit for each group. The regression lines for
each group and their mechanical resistance to traction on the filament used were determined.
Results: The filament ratio per contact surface unit with the osteosynthesis used was the main
determinant of the mechanical resistance to traction, either at the expense of the increase in
cortical thickness or by the increase in the percentage of cancellous bone filling. Layer height
had a minor effect on tensile strength. The regression value was high for cortical thickness and
cancellous filling, being elements with a predictable biomechanical behaviour.
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PALABRAS CLAVE
Impresion 3D;
Defectos dseos;
Matrices oseas;
Reconstruccion osea;
Modelos 3D

Introduction

Conclusions: The new methodology allows the creation of personalised neutral and implantable
PLA bone matrices for the reconstruction of large bone defects by means of 3D printing by
FDM with a mechanical resistance to traction greater than that of current biological support
structures.

© 2024 Published by Elsevier Espana, S.L.U. on behalf of SECOT. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Resistencia mecanica de matrices 6seas de acido polilactico desarrolladas
por impresion 3D para la reconstruccion de defectos 6seos

Resumen

Introduccion: Los defectos 0seos son una de las principales limitaciones en cirugia ortopédica
y traumatologia. Por ello, se han desarrollado multiples sistemas de sustitucion 6sea, ya sea
mediante implante protésico o mediante sustitucion con sustancias osteoformadoras, cuyas
limitaciones son su supervivencia y falta de estructuralidad, respectivamente. El objetivo del
presente trabajo es la generacion de un nuevo material para la creacion de estructuras biologi-
camente activas que dispongan de la resistencia a la traccion suficiente como para mantener
la estructura durante la remodelacion.

Material y métodos: Se disend un nuevo filamento basado en la fusion de acido polilactico (PLA)
natural en polvo para la generacion de piezas mediante el modelado por deposicion fundida
(FDM) sobre las que se realizaron ensayos mecanicos a traccion de material de osteosintesis.
Se analizaron un total de 13 grupos con distinto grosor cortical, relleno y altura de capa, con
10 ensayos de traccion en cada grupo, definiendo el limite de rotura a la traccion para cada
grupo. Se determinaron las rectas de regresion para cada grupo y su resistencia mecanica a la
traccion sobre el filamento empleado.

Resultados: El ratio de filamento por unidad de superficie de contacto con la osteosintesis
empleada fue el principal determinante de la resistencia mecanica a la traccion, ya sea a
expensas del aumento del grosor cortical o por el aumento en el porcentaje de relleno del
hueso esponjoso. La altura de capa tuvo un efecto menor sobre la resistencia a la traccion. El
valor de regresion fue alto para el grosor cortical y el relleno de esponjosa, siendo elementos
con un comportamiento biomecanico predecible.

Conclusiones: La nueva metodologia permite crear matrices oseas personalizadas de PLA neutro
implantable para la reconstruccion de grandes defectos 6seos mediante impresion 3D por FDM
con una resistencia mecanica a la traccion mayor a la de estructuras biologicas de soporte
actuales.

© 2024 Publicado por Elsevier Espana, S.L.U. en nombre de SECOT. Este es un articulo Open
Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

which enable structural recovery in large bone defects.?’®
Their main limitation is their mechanical strength, because

Bone defects are one of the main limitations for reconstruc-
tion in orthopaedic surgery and traumatology.! There are
multiple reconstruction techniques when a bone defect is
present, from allografts to megaprostheses including bone
transport techniques, vascularised autografts, pseudomem-
brane formation, among others.?-® The main complications
of biological techniques (use of bone substitutes or bone
neoformation techniques) are infection (especially in allo-
grafts) and lack of consolidation, while the main limitation
is survival in non-biological techniques (metallic substitu-
tion). The advantage of prosthetic replacement includes the
greater speed of the procedure and recovery, while the main
advantage of using biological techniques is the greater sur-
vival if there are no complications during the process.
There are dozens of osteoinductive materials that allow
bone neoformation, from polymers to synthetic ceramics,

when used in the patient most of these systems cannot sup-
port the load necessary to maintain a functional body part.

Additive manufacturing printing is a manufacturing
technique that allows three-dimensional structures to be
obtained by fused deposition modelling (FDM) using a ther-
moplastic material and following a morphology determined
by numerical code.' Thanks to the patent release of this
manufacturing methodology, in the second decade of the
21st century printing machines that use it are experi-
encing exponential growth. The design software has also
been improved, to the point that there are now domestic
three-dimensional (3D) structure printers on the market, in
common use by the general population. These devices use
a filament of variable diameter (depending on the printer),
the most common being 1.75 mm, with which objects with
practically any morphology can be generated.
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Polylactic acid (PLA) is one of the most widely used bio-
compatible materials for implant design.®'"'2 PLA is also
the most commonly used material for domestic 3D print-
ing, as its fusing temperature is optimal for FDM 3D printers
(between 180° and 220° depending on its composition). Its
natural form after extraction is a thermosensitive powder
and the limitation for the use of PLA filaments already on the
market is the presence of substances that can interfere with
the osteoinduction process, although some already have the
ISO 10993-1 standard for biocompatibility.

There is no filament on the market composed only of
natural PLA, because, as it is used to model parts, it is
accompanied by different substances that increase its aes-
thetic appearance and ease of use. However, the additives
contraindicate its use for synthesising implantable products.
Furthermore, the problem with the use of bioprinters to gen-
erate bone matrices is their price and the low mechanical
resistance of their products.®

The aim of the present work is to generate a filament that
can be used by an FDM 3D printing system to obtain mechan-
ically competent structures to provide structural strength to
the usual osteoinductive composites currently used in bone
defects, and to review other potential applications of these
bone matrices in clinical practice, such as in training or
planning.

Material and methods

Prospective experimental study developed under in vitro
conditions.

Description of the filament generation device

The first key point of the project was the generation of
a filament of a constant diameter of around 1.75 mm that
would be implementable in a manufacturing FDM 3D printer.
For this purpose, we specifically designed a mechanism for
synthesising neutral PLA from its natural powder form.

The device consisted of three independent segments:

(a) Powder fusion segment: controlled by temperature sen-
sors and a thermal resistor, it was possible to adjust
the fusion temperature. A 1.75 mm nozzle was deployed
at the distal end of the fuser to generate a constant
diameter.

(b) Powder extrusion segment: the powder was drawn by
an endless screw driven by a stepper motor controlled
using Arduino® software (Arduino® v.1.8.18 Windows).
The endless screw picked up the powder deposited in
the nozzle and dragged it to the fuser.

(c) Filament collection system: once the powder was fused,
it was collected and wound by means of a spool
controlled by numerical code with a stepper motor
(Arduino® v.1.8.18 Windows) (Fig. 1).

The speed of the extruder motors and the collection
spool were defined to obtain a constant diameter filament
of 1.75 mm. To evaluate the filament tolerance, 10 thickness
measurements were taken using a gauge, with 20cm inter-
val between points. The mean filament diameter and the
standard deviation between measurements were defined.

The target diameter was 1.75mm with an error tolerance
+.1mm.

Biomechanical evaluation of the filament

After generating the filament and determining a suitable
diameter and tolerance, different cylindrical parts were
printed to evaluate the mechanical tensile strength of an
osteosynthesis screw inserted into the parts printed in bicor-
tical manner (Fig. 2).

A total of 13 groups of parts were designed in which the
layer height, percentage of filling, and wall thickness were
modified (Table 1), and the printing time was recorded for
each group (Table 1). Ten pieces per group were printed,
for a total of 130 mechanical tests. The effect of cancellous
bone on tensile strength was evaluated by modifying the
model filling, comparing groups 1-5. To evaluate the effect
of layer height, tensile strength was compared between
groups 6-9 and groups 10-13 were compared to evaluate
the effect of cortical thickness (Table 1).

To define the tensile strength, it was subjected to a ten-
sile test in a testing machine (PCE MTS500, PCE Ibérica®) and
the breaking limit was evaluated by dynamometer (PCE-DFG
N 5K), defining the maximum supported force as the variable
of interest with a resolution of 1N and an accuracy of +.1%.

The contact area of the screw with the filament was eval-
uated, considering a constant section of 6 mm and a screw
length of 30 mm. Thus, the pressure supported per contact
surface unit in each of the configurations was determined.

Statistical analysis

A descriptive analysis of the mean and standard deviation
was made for each of the groups. The statistical analysis was
performed for a g error of .2, an « error of .05, a precision
for the detection of variation between groups of 2000 kPa,
and a standard deviation of 5% with respect to the mean, in
accordance with previous exploratory studies.

“*Normal’’ or ‘*Non-normal’’ behaviour of the data was
analysed using the Lilliefors test, assuming ‘‘Normality’’
with p-values greater than .05.

A linear regression test was used to analyse the relation-
ship between the filling value, layer height, and cortical
thickness, with the supported strength, because the data
behaviour was ‘‘Normal’’. Therefore, an equation for
biomechanical prediction was performed according to the
evaluated parameter.

Statistical analysis was performed using R version 4.2.1
““Funny-Looking Kid’’ software.

Results

The progressive increase in the filling of the biomodel pro-
duced a linear increase in tensile strength, which was the
linear behaviour and the model predictor (R? =.89; p-value
<.01; Table 2A and Fig. 3A). The standard deviation of the
groups was significantly greater with the increase in tensile
strength required to produce mechanical failure (p-value
<.01).
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Table 1

Description of the parameters of the groups used for biomechanical analysis A, B.

Group Layer Cortical Number Number Density Lateral Number Printing Filling pattern Metres of Grams of
height thickness of upper of lower of filling wall of wall time filament filament
layers layers thickness lines (min)
1 3 1 4 4 0 2 5 423 Gyroid 27.26 81
2 3 1 4 4 15 2 5 544 Gyroid 36.7 109
3 3 1 4 4 30 2 5 727 Gyroid 45.99 137
4 3 1 4 4 45 2 5 898 Gyroid 55.4 165
5 .3 1 4 4 60 2 5 1202 Gyroid 63.64 190
6 A 1 4 4 15 2 5 1556 Gyroid 36.42 109
7 .2 1 4 4 15 2 5 788 Gyroid 36.24 108
8 4 1 4 4 15 2 5 411 Gyroid 36.38 109
9 .5 1 4 4 15 2 5 325 Gyroid 35.33 105
10 3 2 7 7 15 2 5 599 Gyroid 40.1 120
11 .3 3 10 10 15 2 5 652 Gyroid 43.49 130
12 3 4 14 14 15 2 5 722 Gyroid 47.99 143
13 3 5 17 17 15 2 5 776 Gyroid 51.39 153
Group Bicortical Monocortical Cancellous Total bicortical Total
cortical cortical contact area contact area monocortical
contact area contact area contact area
1 18.84 9.42 0 18.84 9.42
2 18.84 9.42 79.128 97.968 88.548
3 18.84 9.42 158.256 177.096 167.676
4 18.84 9.42 237.384 256.224 246.804
5 18.84 9.42 316.512 335.352 325.932
6 18.84 9.42 79.128 97.968 88.548
7 18.84 9.42 79.128 97.968 88.548
8 18.84 9.42 79.128 97.968 88.548
9 18.84 9.42 79.128 97.968 88.548
10 37.68 18.84 73.476 111.156 92.316
11 56.52 28.26 67.824 124.344 96.084
12 75.36 37.68 62.172 137.532 99.852
13 94.2 47 1 56.52 150.72 103.62
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Figure 1

Device for filament synthesis with pure polylactic acid. (A) Longitudinal view of the device. (B) Nozzle through which
the PLA powder is introduced. (C) Filament collection and winding system.
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Figure 2 Assembly of the models for the loading tests. (A) Final assembly with the coil (30 mm) completely inserted into the
model. (B) System used to insert the pin perfectly perpendicular to the model. (C) Definitive assembly of the pin on the model,
keeping the insertion piece. (D) Examples of the cortical pattern (top), cancellous with 30% filling (centre) and with 10% filling
(bottom). (E) Sample of the tensile test scenario.

Table 2 Description of the parameters of the groups used for the biomechanical analysis.

Filling Mean SD IQR Median Contact area
0 1962 195.24 300 2030 18.840
15 7434.28 1069.84 1190 7570 97.968
30 10926.57 1489.80 1765.5 10432 177.096
45 15080 2315.65 3020 15650 25.224
60 16950 2455.02 2175 16735 335.352
Filling Mean SD IQR Median
0 104.14013 10.363240 15.923567 107.74947
15 75.88484 10.920321 12.146823 77.27013
30 61.69858 8.412419 9.969169 58.90590
45 58.85475 9.037627 11.786562 61.07937
60 50.54391 7.320732 6.485722 49.90279

IQR: interquartile range; SD: standard deviation.

A: mean maximum strength (kPa) of the different groups. B: mean maximum pressure (strength per contact surface unit) supported by
each of the groups.
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Figure 3  (A) Plot of tensile strength means in each of the groups with variable filling. (B) Ratio of strength per contact area in
groups 2-5.
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Figure 4 (A) Plot of the mean tensile strength in each of the groups with different cortical thickness. (B) Ratio of strength per

surface area between groups with variable filling and variable cortical thickness. Cortical thickness had a greater influence on

tensile strength.

The ratio of strength supported per contact surface unit
remained similar between the groups with variable filling
(p-value=.34; Table 2B and Fig. 4B), with the exception
of group 1, in which the strength per contact surface unit
was significantly higher than the rest of the groups (p-value
.034).

The increase in cortical area involved the greatest
increase in tensile strength between groups (p-value <.01)
so that the increase of less than 10% produced an increase
in tensile strength that was practically double (Table 1 and
Fig. 4). The behaviour between mm of cortical thickness and
tensile strength presented a linear behaviour with a high
level of correlation (R?=.89; p-value <.01), producing the
maximum level of strength defined prior to the study in the
third test group with a cortical thickness of 3 mm (Fig. 4).

The increase in layer height reduced the mechanical
tensile strength with a linear ratio and a low degree of pre-
dictability (R?=.57; p-value <.001). The grams of filament
used for each group did not show significant differences,
while the time taken for each group was statistically higher
(p-value <.01).

The increase in tensile strength was directly related to
the area of contact between the screw and the filament,
regardless of whether the contact was in the cancellous
(filled) or cortical area (R? =.76; p-value <.01, Fig. 5).

Discussion

The mechanical strength of matrices printed by PLA FDM is
directly related to the printing parameters used, the main
factor determining its strength being the ratio of filament
per contact surface unit with the osteosynthesis used. We
can increase the ratio by increasing the filament content in
the central zone or in the cortical zone, which are equivalent
in terms of their effect on tensile strength.

The maximum strength achieved by the proposed fabrica-
tion system is about 20,000 kPa, which is similar in strength
to that of healthy bone tissue, this tensile strength is there-
fore sufficient for clinical use.'® Thus, the matrix generated
using the filament could provide structurality to the rest
of the elements that would be combined inside the mesh.
Since almost any morphology can be generated by FDM
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Figure 6

D

PLA filament loaded with different substances. (A) Neutral PLA filament. (B) Filament with 10% hydroxyapatite content,

ready to be used for the creation of matrices with FDM printers. (C) Filament with 30% hydroxyapatite. (D) Vancomycin-loaded

filament in a Petri dish with vancomycin-sensitive pathogens.

manufacturing, meshes could be designed to support any
osteoinductor on the market, with the mesh providing the
structure and the osteoinductive substance the function.

Previous studies have developed other systems for the
synthesis of PLA-based matrices constructed using FDM
technology,’® which generate the structure directly from
the powder, which is extruded through specific bioprinter
fusers'® and contains substances that can interfere with the
osteoinduction process. In contrast, our protocol proposes
the generation of a neutral and therefore implantable PLA
filament, of constant diameter, by means of a device specif-
ically designed for this purpose. This filament has better
biomechanical resistance results and can also be used in
conventional 3D printers, significantly reducing the manu-
facturing price and, therefore, improving its accessibility in
clinical practice. Another added advantage of using neutral
PLA is the ability to incorporate biologically active sub-
stances into a matrix that provides structurality, such as
osteoinductive substances, antibiotics, and antineoplastics.
By controlling porosity and internal structure, it is possi-
ble to customise the content of the matrix, providing an
opportunity for new lines of research (Fig. 6).

There are previous studies on the use of PLA as a base
for the incorporation of biologically active substances
such as hyaluronic acid'® or bioviodria,” with promising
results regarding the maintenance of the activity of the
incorporated substances. The main advantage of using FDM
technology from a natural PLA filament is the simplicity
of the printing process, which has a direct impact on its
cost, as the methodology is accessible at hospital level.
Therefore, this technology is promising for the reconstruc-
tion of large bone defects and for treatment with local
pharmacological therapies.

The use of 3D biomodels for preoperative planning is also
useful in predicting sufficient stability of an osteosynthesis
construct. The use of finite element simulations is complex,
as it requires long series of similar patients to establish
a mathematical model, which is complex in traumatology
due to the large number of different fracture patterns and
patients encountered.' This is why most studies continue
to recommend the use of simulations on real models."” By
using defined printing protocols, it is possible to generate
biomodels that are mechanically similar to the resistance of
a specific patient, and mechanical tests can be performed
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to determine the optimal osteosynthesis configuration prior 2.
to surgery.’ Thanks to new imaging techniques, we can reli-
ably estimate the mechanical strength of a patient’s bone,
adapting the configuration of the printed biomodel to the
data obtained by imaging techniques.'®"’

The main limitations of the present work are, on the one
hand, the lack of biomechanical evaluation in long load-
ing cycles, and on the other, the lack of compression and
rotation tests. Our aim is to generate matrices that behave
similarly to healthy bone and, given the lack of biome- 4.
chanical studies with repetition cycles in healthy bone, we
opted to evaluate a single tensile test in order to make a
qualitative comparison with the present data, although the
in vivo behaviour is much more complex.?® Resistance to 5.
axial compression and rotation is decisive for any implant.
However, the matrices we propose are fixed to the defect
area by means of osteosynthesis material, which would sup-
port most of the mechanical resistance until consolidation.
Therefore, we did not perform mechanical tests in the three 6
axes of space, although this would be interesting for future
studies.

This is the first mechanical validation study on the fila-
ment that we present, its clinical utility is still some time 7.
away. In future studies, we will evaluate the influence that
the PLA degradation of our matrix may have on the osteoin-

ductive components included in it, and on implantable 8
drugs.
In conclusion, we describe in this study a new method-

ology for the creation of customisable meshes for the 9
reconstruction of large bone defects using FDM 3D print-
ing technology, employing implantable neutral PLA, with
a higher mechanical tensile strength than current support
structures.
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