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• Porous structures printed by FFF with
varyingmaterial, infill density, and infill
pattern have been studied.

• Compressive results were used as input
for FEA to optimise the manufacturing
process of a lumbar fusion cage.

• Differences in dimensional accuracy,
volume fraction, and compressive prop-
erties were found between patterns.

• FEA allowed the selection of optimal
materials and cage structure capable to
withstand the maximum expected
static loads.
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The study herein combines the use of fused filament fabrication (FFF)with finite element analysis (FEA) to enhance
the understanding of certain manufacturing parameters (i.e. material, infill density, infill pattern, and outer vertical
shell) in the design process of a lumbar fusion cage. Three FFFmaterials with distinct mechanical properties namely
polycarbonate (PC), acrylonitrile butadiene styrene (ABS), and polylactic acid (PLA) were tested. Three infill densi-
ties (i.e. 25%, 50%, 75%) were investigated along with two different infill patterns (i.e. rectangular and honeycomb).
Compressive modulus and compressive yield strength values obtained from standard mechanical analysis were
used as input for FEA to assess numerically themechanical performance of a lumbar fusion cage under physiological
static loading. The findings suggest that both infill density and infill pattern influence the quality of the finished part
in terms of both printing accuracy andmechanical response. FEA results indicate that both PC and ABS can be safely
adopted to fabricate a porous lumbar cagewith a 50% honeycomb infill density and a honeycomb infill pattern. This
paper demonstrates that 3D printing assisted FEA can be used to predict the performance of a lumbar cage design
with varying manufacturing parameters and potentially reduce product design and development time.
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1. Introduction
Table I
Printing parameters used for each polymer during the FFF process. The infill speed corre-
sponds to the speed to which the infill material is extruded, whilst the travel speed is the
speed of the printing head whilst not extruding.

Material Layer
height
(mm)

Infill
speed
(mm s−1)

Travel
speed
(mm s−1)

Extrusion
temperature
(°C)

Bed
temperature
(°C)

PC 0.3 60 60 265 100
ABS 0.3 30 60 230 70
PLA 0.3 15 60 185 50
Within the last decade, 3D printing has been increasingly employed
in the biomedical industry as an effective technology for rapid
prototyping and production of medical devices [1]. In most medical
fields, low-volume porous structures are developed to tailor the me-
chanical properties of the host tissue, increase biocompatibility and re-
duce costs of production, with applications including permanent
cellular implants and biodegradable scaffolds for orthopaedics, den-
tistry and reconstructive surgery [2–4]. Accordingly, 3D printing tech-
nology can overcome the issues of conventional fabrication
approaches and allow for the fabrication of controllable structures
with desired porosity, pore size and architecture [5,6]. Within the
class of 3D printing technologies, fused filament fabrication (FFF) has
the advantage of cost-effectiveness combined with high degree of
customisation. This allows the generation of porous objects with vary-
ing level of material densities and pattern geometries, the optimisation
of designs for low-volume products, and the control of process parame-
ters such as temperature and speed of extrusion [7–9]. Additionally, var-
ious medical-grade polymers can be processed via FFF for medical
devicemanufacturing. As a permanent solution in spinal surgery, the vi-
ability of polycarbonate (PC) fusion cages fabricated via FFF technology
has been shown [10,11], whilst bioresorbable spinal cages made in
polylactic acid (PLA) have been investigated for their time-engineered
degradation [12,13]. Acrylonitrile butadiene styrene (ABS) has not yet
been proposed for manufacturing spinal cages, however, studies on
both ABS and PLA scaffolds printed with an inexpensive desktop 3D
printer have shown sustained mechanical stability, whilst demonstrat-
ing good cell proliferation and neo-matrix formation for cartilage and
nucleus pulposus regeneration [14]. Medical-grade ABS and PLA have
also been used as the building materials for FFF low-cost customised
surgical guides and low-weight prosthesis for maxillo-facial and ortho-
paedic surgery [15–17].

In this context, it becomes critical to understand the influence of
chosen manufacturing parameters on the final 3D printed structure.
Design parameters such as the internal infill density and pattern
have shown to influence the mechanical behaviour of FFF porous
parts [18–20]. The increase in infill density always entails an increase
in tensile and compressive strength [21,22] and was found to be
more effective than the infill pattern to improve the strength of FFF
parts [23]. Accordingly, ABS parts fabricated with 100% rectangular
pattern were found to be related to a higher tensile strength, whilst
a stiffer behaviour was found associated to parts fabricated with
honeycomb pattern at lower infill [24]. Indeed, honeycomb struc-
tures have been shown to facilitate the load transfer between layers,
thus providing higher mechanical strength, failure reliability and fa-
tigue resistance [25].

Because of the large variability of manufacturing parameters, the in-
tegration of simulation tools like finite element analysis (FEA) with FFF
is particularly attractive to design 3D printed products and analyse the
mechanics of complex geometries. FEA has the remarkable strength to
accelerate product design and development process; however, the com-
plexity and variability of 3D printing brings the risk of simplified as-
sumptions that can lead to inaccurate solutions [26]. Accordingly,
there are attempts to combine these two technologies to facilitate the
understanding of certain process parameters and predict the mechani-
cal strength of 3D printed parts [27–29]. This combined approach has
demonstrated to be an efficient tool to test partially porous 3D printed
titanium cages with various architectures, both numerically and exper-
imentally [30,31].

Hence, the aim of this study is twofold. First, we aimed to investigate
the effect of material, infill density and infill pattern on the printing ac-
curacy, repeatability andmechanical properties of FFF 3D printed struc-
tures. Secondly, by means of FEA, we aimed to select the optimal
materials and cage structure capable to withstand the maximum static
loads expected after implantation.
2. Materials and methods

2.1. Materials and design

Three filament materials were selected for the fabrication of porous
structures using fused filament fabrication (FFF): PC (GizmoDorks, USA,
1.75 mm, Blue); ABS (Orbi-Tech, Germany, 1.75 mm, Blue); and, PLA
(3Dison, Korea, 1.75 mm, Natural). Samples for compression testing
were designed based on the ASTM D-695 (cylindrical shape, 12.7 mm
diameter, 25.4 mm height) [32]. STL files of the specimen were
imported into an open-source slicing software (Slic3r 1.2.9) to define
manufacturing parameters. Three infill densities (i.e. 25%, 50% and
75%) and two pattern geometries (i.e. rectangular and honeycomb)
were considered. Accordingly, six designs were generated per each ma-
terial based on each combination of infill density and pattern geometry.
Moreover, a solid design with 100% rectangular infill was included as
control group.

2.2. Sample fabrication

Commercially available desktop FFF printer (FLASHFORGE Dreamer
Dual Extrusion 3D Printer, USA) was employed to build the specimens.
The printer was standardly equippedwith a nozzle of 0.4 mmdiameter.
The printing parameters adopted in this study are shown in Table I. Pro-
cessing parameters such as extruding temperature, bed temperature
and infill speed were calibrated to achieve a uniform layer height of
0.3 mm. Test samples were manufactured with each combination of
material and infill design for a total of 18 groups of study and 3 control
groups containing 9 samples each.

2.3. Printing accuracy and repeatability

Scanning electron microscopy (Philips FEI 501) was used to inspect
the surface topographies of the FFF 3D printed porous structures. Sam-
pleswere sputter coatedwith 20nmof gold using a QuorumQ150RS in-
strument prior to examination.

The dimensions (i.e. diameter, height) of the fabricated structures
were measured using a digital caliper (Schut Geometrical Metrology,
0–25mmmeasurement range, 0.001mmaccuracy). As ameasure of di-
mensional accuracy, the dimensional difference (%) between the mea-
sured linear dimensions and the nominal corresponding values of the
cylindrical CAD design were calculated for each sample (N = 3 speci-
mens per group). The standard deviations of the measured linear di-
mensions were taken as a measure of repeatability.

The internal volume fraction of the printed FFF structureswas quan-
titatively evaluated through micro-computed tomography (μCT) by
using a high-resolution scanner Sky-Scan1174 (Bruker). Images were
acquired using a voxel size of 11.31 μm, an applied voltage of 40 kV, a
current of 250 μA, an exposure time of 146 ms, a rotation step of 0.6°,
no metal filter, and no frame averaging. Three samples per group were
scanned with identical acquisition parameters. NRecon software
(SkyScan, Bruker) was used to reconstruct cross-section images from
the acquired tomography projection images. The cross-section images
were imported into Simpleware ScanIP (Synopsys, Mountain View,
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USA) for post-processing and quantitative analysis. All images were re-
sampled at a pixel spacing of 0.05× 0.05× 0.02mm. The 3Dbackground
volume was treated with a median filter (1 px radius) and a
thresholding algorithm (range 40–255) before generating the seg-
mented mask. A mask statistics template was created for measuring
the voxel volume fraction (%) of the mask within a previously defined
region of interest (ROI) of sample size. As a measure of volume fraction
accuracy, the difference (%) between the experimental volume fraction
measurement and the nominal infill density of a given structure was
calculated. The standard deviations of the volume fraction measure-
ments were taken as a measure of repeatability.

2.4. Mechanical characterisation

Compressive tests on the fabricated samples were performed ac-
cording to the ASTM D695 [32]. Tests were conducted using a
ZwickiLine testing machine BT1-FR5 equipped with a 5 kN load cell
(Zwick Roell, GmbH, Germany), operated in displacement control im-
posing a displacement rate of 1 mm/min. The maximum displacement
was set at 2.54 mm, equivalent to the 10% of the initial length. No pre-
load was applied. The specimens were positioned according to their
building direction and loaded parallel to the pore orientation (Fig. 1).
A total of 126 sampleswere tested (i.e. N=6 specimens per group). Ex-
perimental data were analysed with Matlab (MATLAB 2014a, The
MathWorks Inc.) to derive the compressive modulus (Ec) and compres-
sive yield strength (σcy). A toe compensation algorithm was imple-
mented to remove the superficial artefact attributable to the specimen
roughness and apply a zero-strain correction. Stress corresponding to
the applied force was calculated based on the nominal cross-sectional
area of the cylindrical specimens (126.7 cm2).

2.5. FEA of 3D printed cage

The CAD design of an anatomically shaped cage for anterior lumbar
interbody fusion (ALIF) was tested in this part of the study [10]. FEA
was performed to optimise manufacturing parameters of the cage and
select the optimal structure capable to withstand the maximum ex-
pected loads with theminimummaterial andmanufacturing time. Spe-
cifically, infill density, infill pattern and the inclusion of an outer vertical
shell were investigated. In particular, the outer vertical shell was
Fig. 1. Visualization of the experimental set up: (a) Diagram and (
included in the design development process to investigate its effect on
cage mechanical stability, whilst allowing vertical bone ingrowth
through the exposure of the inner porous structure (Fig. 2). The number
of shells (Ns) was varied from 0 to 3, by changing the thickness of the
outer solid shell from 0.3 (Ns = 1) to 0.9 mm (Ns = 3). Mechanical
properties of both solid and porous polymers were assumed to be ho-
mogeneous isotropic and linear elastic. The porous material was
modelled as a continuum using the experimental apparent-level com-
pressive modulus (Ec) obtained for the different materials (PC, ABS,
PLA), and combinations of infill densities (25%, 50%, 75%) and pattern
geometries (rectangular and honeycomb). The outer vertical shell was
modelled using the experimental compressive modulus obtained for
the 100% rectangular control group. The cage was meshed using linear
solid tetrahedron elements (C3D4) for the porous infill and linear
shell triangular elements (S3) for the outer shell. Element approximate
global sizewas set at 1mm following a sensitivity analysis from a previ-
ous study from our group [10]. Top and bottom surfaces of the cage
were tied to two compression platesmodelled as rigid bodies. The com-
pression plates were meshed with linear shell triangular elements (S3).
FEA was performed in two subsequent steps: 1) a compressive axial
load of 1000 Nwas applied to the centre of mass of the top compression
plate to simulate the load corresponding to a standing position; 2) amo-
ment of 15Nmwas applied to the centre ofmass of the top compression
plate with varying direction to simulate independently the physiologi-
cal loading conditions of flexion, extension, torsion and lateral bending
[33]. The bottom plate was constrained with an encastre boundary con-
dition. Resulting maximum Von Mises stresses in the porous compo-
nent of the model were compared to the compressive yield strength
(σcy) values obtained experimentally for the different combinations of
infills. FEA results highlighted the optimal infill condition defined as
the lowest amount of material theoretically used, whilst assuring suffi-
cient mechanical strength.

2.6. Statistical analysis

All the results are here reported as means ± standard deviation
(SD). Statistical analysis was performed using GraphPad Prism 6.0
(GraphPad Software Inc.) applying unpaired t-test or two-way analysis
of variance (ANOVA) and Tukey's multiple comparison test. p-Values
below 0.05 were considered significant.
b) picture of the compressive testing equipment and sample.



Fig. 2.Model of the porous spinal fusion cage used in this study (a) anddiagramof the loading conditions (b). The effect of the number of outer vertical shells onmechanical behaviourwas
investigated by varying Ns (c–f).

Fig. 3. Internal architectures of the 3D porous structures. SEM revealing pore size and infill architecture of the rectangular and honeycomb patterns for all the set of studiedmaterials (scale
bars: 1 mm). μCT-based 3D reconstructions, displayed as a reference for PC (top), show structure geometry and porosity analogous to the SEM images of the same structure.
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Fig. 4. External linear dimensions of all FFF porous structures. Measurements are shown for structures fabricated in (a) PC; (b) ABS; and (c) PLA (means ± SD, N = 3). The dimensional
accuracy was linked with the dimensional difference calculated based on the nominal dimensions of the CAD design (red dashed line). p-Values (2-way ANOVA) represent correlation
coefficients between patterns (*significant at p b 0.05; **significant at p b 0.005; ***significant at p b 0.001; ****significant at p b 0.0001; ns not significant at p ≥ 0.05).
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3. Results and discussion

3.1. Printing accuracy and repeatability

SEM and μCT reconstructions (Fig. 3) reveal the architecture and
pore size of the 3D porous structures fabricated using the different ma-
terials. The increase in infill density, which corresponds to a decrease in
porosity, also entailed a reduction in pore size. The pore size of a struc-
ture with a given infill density was observed to be larger for the honey-
comb pattern than for the rectangular pattern (Fig. 3). This mismatch in
pore size between patterns was found to be inherent to the infill design
generated by the slicing software (i.e. Slic3r) [34]. It is also noticeable
that, at high infill density, the geometry of the honeycomb pores was
poorly distinguishable. The higher the infill density, themore thedepos-
ited fibers resemble straight lines. Also, the slicing software did not gen-
erate a full 100% infill with honeycomb pattern. This effect was due
likely to the way the porous geometry is generated. In the rectilinear
pattern, rectangular pores are generated by depositing one linear layer
over another at 90° angle variation. Hence, this deposition produces
well defined rectangular pores with sharp edges. In the honeycomb
structures, instead, hexagonal pores are generated at every single
layer; thus, the poor positional accuracy causes round-edged hexagonal
pores. Additionally, PC honeycomb samples with 75% infill density ex-
hibited a structurewith higher apparent density compared to the equiv-
alent samples fabricated in ABS and PLA. This shows a material-specific
variability of printing quality.

The external dimensions (i.e. diameter, height) of the printed struc-
tures are reported in Fig. 4. Overall, both diameter and height of all
Fig. 5. μCT-based volume fraction results of the FFF porous structures. Measurements are shown
volume fraction accuracy was linked with the volume fraction difference between the printe
correlation coefficients between patterns (*significant at p b 0.05; **significant at p b 0.005; **
printed samples were found to be material-dependent. Also, for a
given infill density, differences in dimensional accuracy were found be-
tween patterns. PC samples printed with rectangular pattern had
greater diameter (p b 0.001) and entailed lower dimensional accuracy
(≤3.37%). On the contrary, parts printed in PC with honeycomb pattern
exhibited higher dimensional accuracy (≤0.90%). Parts fabricated in PLA
had the least diameter and height measurements, with no significant
differences between patterns, thus showing lower dimensional accu-
racy compared to PC or ABS. Overall, low standard deviation for sample
dimensions demonstrated high dimensional repeatability. Results of
statistical analysis of external dimensions including statistical differ-
ences between infill densities and theoretical values are reported as ad-
ditional information (Tables A.1–A.6).

Fig. 5 shows the μCT-based volume fraction measurements of the
printed structures as a function of their nominal infill density. The
highest volume fraction accuracy was measured with rectangular infill
(b5.2%). Samples printedwith honeycomb pattern showed significantly
higher values of volume fraction compared to both the theoretical
values (p b 0.0076) and the measured values of the samples printed
with rectangular pattern (p b 0.01). This discrepancy in volume fraction
was found to be associatedwith a greater amount ofmaterial needed for
printing with honeycomb pattern. This excess deposition of material
might be related to instabilities in the extrusion flow inherent to the
pattern geometry as well as to the estimation of the amount of material
required for printing the part as calculated by the slicing software (i.e.
Slic3r) [35]. Accordingly, Table II highlights that the amount of material
estimated by Slic3r is different between patterns with equal infill den-
sity. In respect to the internal porous structure, small standard deviation
for structures fabricated in (a) PC; (b) ABS; and (c) PLA (means± SD, N=3). The internal
d object and the theoretical value of infill density. p-Values (2-way ANOVA) represent
*significant at p b 0.001; ****significant at p b 0.0001; ns not significant at p ≥ 0.05).



Table II
Estimated printing time and material needed for a given infill density and pattern for the
fabrication of a test specimen. Estimated values were obtained from Slic3r.

Nominal
infill density
(%)

Rectangular pattern Honeycomb pattern

Estimated
printing time
(min)

Estimated
material
needed (m)

Estimated
printing time
(min)

Estimated
material
needed (m)

25 7 0.42 8 0.51
50 7 0.74 8 0.84
75 8 1.05 10 1.12
100 8 1.39 N/A N/A
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for volume fraction values evidenced satisfactory printing repeatability.
Results of statistical analysis including statistical differences with theo-
retical values of infill density are reported as additional information
(Tables A.7–A.9). Control samples fabricated at 100% infill density
were not found to be 100% solid as theoretically expected. This has
been previously linked with the presence of gaps, caused by the layer-
by-layer deposition of extruded material during the FFF process [36].

3.2. Mechanical characterisation

The compressive modulus (Ec) and compressive yield strength (σcy)
values, corresponding to the nominal cross-sectional area of the sam-
ples, are shown in Fig. 6. Both Ec and σcy were found to increase in a lin-
ear fashion as the infill density increased, as indicated by the R2 values
plotted for each pattern (Fig. 6). Overall, structures printed with honey-
comb pattern at a given nominal infill density exhibited higher Ec and
σcy values than structures printed with rectangular pattern. The higher
mechanical properties of the honeycomb pattern might be associated
with the higher values of volume fraction. Hence, selecting the
Fig. 6. Mechanical properties of the FFF porous structures. The compressive modulus (Ec) are
density for PC (a,d); ABS (b,e); and, PLA (c,f) structures. The R2 values corresponding to eac
represent correlation coefficients between patterns (*significant at p b 0.05; **significant at p b 0
appropriate infill pattern during the slicing stage could provide an effec-
tive tool to alter and predict themechanical behaviour of 3D printed po-
rous structures. Importantly, for all the studied materials, the
compressive modulus values at 100% nominal infill were found to be
lower than the values reported in literature for the respective filament
materials [37–39]. This finding might be explained as a direct conse-
quence of the FFF technology, for several reasons. First, our study
highlighted that the FFF process generates gaps within the solid mate-
rial, confirming the inherent limitations of the manufacturing process
[18]. A decrease of 11% to 37% in modulus and 22% to 57% in strength
has been reported for FFF printed ABS parts when compared with the
respective ABS source filament, which has been linked with the pres-
ence of voids [40]. Secondly, because of the layer-by-layer deposition,
the anisotropy of the layered structure increases. Accordingly, the com-
pressive modulus is likely to be different based on the testing direction
[41,42]. Lastly, for semi-crystalline polymers (e.g. PLA), several printing
parameters such as extrusion temperature and bed temperature have
been shown to induce an effect on the crystallinity fraction (Xc), thus
influencing the material mechanical properties [36].

Compressive modulus values of the tested materials fell within the
range of trabecular bone values (1–9800 MPa) [43]. Previous studies
have shown that the Young's modulus of trabecular bone is dependent
on the anatomical location, thus different results have been found for
vertebral, femoral, tibial, or mandibular bone [44,45]. Trabecular bone
samples obtained from vertebral anatomical sites have been found to
be related with the lowest compressive modulus (329 MPa) and com-
pressive yield strength (1.62MPa)when comparedwith proximal tibial
and femoral neck sites [46]. Accordingly, the mechanical properties of
FFF low-volume implants or porous scaffolds can be potentially tailored
based on both parameters of infill density and infill pattern to achieve
the optimal mechanical stability required for the implantable site. Posi-
tively, compressive yield strength results of all combinations of mate-
rials and infills tested in this study were found to be higher than the
and compressive yield strength (σcy) values are shown as a function of the nominal infill
h linear regression line are plotted for each pattern (n = 6). p-Values (2-way ANOVA)
.005; ***significant at p b 0.001; ****significant at p b 0.0001; ns not significant at p ≥ 0.05).



Table III
MaximumVonMises stresses (MPa) calculated on the internal porous area of the lumbar cagewith varyingmaterials, infills andNs.MaximumVon
Mises stresses (MPa) higher than the respective compressive yield strength values are considered unsafe (red values) as could lead to implant fail-
ure. Green values indicate safe conditions.

PC ABS PLA

Infill Ns

Maximum

Von Mises

stress (MPa)

Compressive

yield strength

(MPa)

Maximum

Von Mises

stress (MPa)

Compressive

yield strength

(MPa)

Maximum Von

Mises stress

(MPa)

Compressive

yield strength

(MPa)

R 25

0 13.72

5.39 ± 0.44

13.73

3.62 ± 0.12

13.8

2.30 ± 0.14

1 12.37 12.07 12.53

2 9.46 8.45 9.1

3 7.46 6.32 6.65

H 25

0 13.63

8.47 ± 0.36

13.72

7.14 ± 0.28

14.25

3.08 ± 0.14

1 12.71 12.88 12.66

2 10.46 10.05 9.56

3 8.43 7.71 7.27

R 50

0 13.76

12.89 ± 0.41

13.67

10.09 ± 0.43

14.12

5.96 ± 0.32

1 12.77 12.47 13.22

2 10.76 10.45 11.2

3 9.11 8.83 9.36

H 50

0 13.6

20.86 ± 0.53

13.61

14.56 ± 0.26

14.15

7.62 ± 0.26

1 12.77 12.8 13.28

2 11.19 11.02 11.31

3 9.79 9.34 9.44

R 75

0 13.4

24.97 ± 1.24

13.69

25.79 ± 0

13.6

12.01 ± 0.92

1 12.71 12.95 12.93

2 11.4 11.49 11.53

3 10.27 10.27 10.33

H 75

0 13.47

33.07 ± 1.31

13.5

28.37 ± 1.54

13.5

13.89 ± 0.77

1 12.78 12.72 13

2 11.48 11.33 11.76

3 10.33 10.08 10.48
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compressive yield strength of human vertebral trabecular bone
(1.62 MPa) [46].

3.3. FEA of 3D printed cage

MaximumVonMises stresses (14.25MPa) were obtained under the
combination of a compressive load with a flexion moment, in accor-
dancewith previous experimental and numerical studies on the lumbar
spine [47]. Accordingly, this loading condition was adopted as the most
critical scenario for all analysis. The maximum Von Mises stresses ob-
tained for all combinations of materials, infills and Ns were compared
with the respective values of experimental compressive yield strength
Fig. 7.VonMises stress distributions at the cross-section of the lumbar cageprinted in PCwith h
the scale corresponds to the experimental compressive yield strength (σcy) value obtained from
higher than the respective compressive yield strength values are considered unsafe as could le
(Table III). Stresses in the inner porous part of the cage decreased with
increasing Ns (Fig. 7). Therefore, combining an outer vertical solid
shell with a low-density inner infill improved the mechanical strength
of the cage by reducing high stress concentrations that could lead to im-
plant failure. Based on our results, cages printed with any of the tested
materials at 25% infill and Ns ≤ 3 were not capable of withstanding the
maximum expected static loads. A thicker solid wall (Ns N 3) may ben-
efit to further reduce the maximum stresses on the porous component,
although this has been relatedwith higher amount ofmaterial used. The
optimal infill conditions which assured sufficient mechanical strength
and minimum material consumption whilst potentially allowing bone
ingrowth through the internal porous structure, were 50% infill density,
oneycomb infill pattern at 50% infill density (H 50),with varyingNs. Themaximumvalue of
the mechanical analysis of the respective printed structures (H 50). Stress concentrations
ad to implant failure.
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honeycomb infill pattern, and Ns = 0. This condition, achievable by
using PC or ABS as the building material, was related to the lower esti-
mation of material (0.49 m) and printing time (7 min). It is important
to highlight that the infill density was taken as a discrete variable,
thus the optimal infill condition was determined based on the three
conditions of infill design considered in this study. Hence, considering
the infill density as a continuous variable may generate a different opti-
mal infill condition.

The FE model used in this study presented some limitations. First,
the porosity of themodelwas not taken into account from a geometrical
point of view. This simplification did not allow to gather information on
potential stress concentrations of the micro-structure. Secondly, the
material properties of the different componentswere assumed to be lin-
ear elastic, which may overestimate the mechanical strength of the
cage. In addition to this, evaluating the anisotropic mechanical proper-
ties of the layered structures would allow for an anisotropic finite ele-
ment formulation which will further increase the reliability of the
results. Lastly, fatigue testing would be recommendable to predict lon-
ger term response of such a device. Additionally, further testing could
take into account combined moments of multiple physiological loading
conditions of flexion, extension, torsion and lateral bending. Our results
were indicative of the specific FFF printer chosen in this study and the
selected slicing software. Hence, using a different FFF equipment or de-
signing similar pattern geometries with a different software could pro-
duce different results. Additionally, in setting the printing parameters,
we were only able to control the layer height and not the layer width.
Advanced research should be focused on assessing the influence of re-
sidual stresses, thermal conductivity and polymer mechanical proper-
ties on the shape changes observed in the printed structures.
Nevertheless, this study highlights the influence of FFF parameters
which need to be taken into account when this technology is used to
manufacture a medical device.

4. Conclusions

In this study, we combined the use of FFF 3Dprintingwith FEA to en-
hance the understanding of certain manufacturing parameters (i.e. ma-
terial, infill density, infill pattern, and outer vertical shell) in the design
process of a lumbar fusion cage. Accordingly, the printing accuracy, re-
peatability and mechanical behaviour of porous 3D printed structures
were investigated, and the experimental compressive modulus values
were used as input for the FEA. Overall, the porous structures fabricated
with honeycomb pattern exhibited higher dimensional accuracy and
higher compressive properties than rectangular structures, although
being related with higher volume fraction. 3D printing assisted FEA
was used to verify the performance of the cage design with varying
manufacturing parameters and potentially reduce product design and
development time. Our results indicated that both PC and ABS can be
adopted to fabricate a porous cagewith a 50% infill density and a honey-
comb infill pattern, without the need of a vertical outer solid shell. The
combined approach of 3D printing and FEA proposed in this study can
be implemented to other 3D printing technologies and materials and
applied to the design process of customised load-bearing implants and
low-cost surgical guides.
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