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Abstract
Spinal fusion is the gold standard surgical procedure for degenerative spinal conditionswhen
conservative therapies have been unsuccessful in rehabilitation of patients. Novel strategies are
required to improve biocompatibility and osseointegration of traditionally usedmaterials for lumbar
cages. Furthermore, new design and technologies are needed to bridge the gap due to the shortage of
optimal implant sizes tofill the intervertebral disc defect.Within this context, additivemanufacturing
technology presents an excellent opportunity to fabricate ergonomic shapemedical implants. The
goal of this study is to design andmanufacture a 3D-printed lumbar cage for lumbar interbody fusion.
Optimisations of the proposed implant design and its printing parameters were achieved via in silico
analysis. Thefinal construct was characterised via scanning electronmicroscopy, contact angle, x-ray
micro computed tomography (μCT), atomic forcemicroscopy, and compressive test. Preliminary
in vitro cell culture tests such asmorphological assessment andmetabolic activities were performed to
access biocompatibility of 3D-printed constructs. Results of in silico analysis provided a useful
platform to test preliminary cage design and tofind an optimal value offilling density for 3Dprinting
process. Surface characterisation confirmed a uniform coating of nHApwith nanoscale topography.
Mechanical evaluation showedmechanical properties offinal cage design similar to that of trabecular
bone. Preliminary cell culture results showed promising results in terms of cell growth and activity
confirming biocompatibility of constructs. Thus for thefirst time, design optimisation based on
computational and experimental analysis combinedwith the 3D-printing technique for intervertebral
fusion cage has been reported in a single study. 3D-printing is a promising technique formedical
applications and this study paves theway for future development of customised implants in spinal
surgical applications.

1. Introduction

Low back pain (LBP) is a very commonmusculoskele-
tal pathology in industrialised countries that affect
around 80 per cent of adults during their lifetime [1, 2]
and it is considered one of the most critical health
problems, due to health and social costs associated
with this condition. Severe LBP has been related to
intervertebral disc degeneration (IVD) [2]. Surgical
procedures such as lumbar fusion [3] or total disc
replacement [4] are currently used for the treatment of
chronic LBP when conservative therapies have been

unsuccessful in rehabilitation of patients. In part-
icular, fusion, the gold standard surgical procedure for
both lumbar and cervical disease, often implies the use
of an inter-body cage packed with bone graft to
promote bone growth and fusionwith the vertebrae.

Nowadays, themost commonly used cages in lum-
bar fusion treatment are made of titanium. They show
good radiographic fusion rates and improved clinical
results [5]. However, conventional titanium cages can
present excessive stiffness, which might lead to adja-
cent level disorder, failure to promote bone growth
and remodelling [6]. Furthermore, these cages are
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crucially difficult to be visualised during follow-up
imaging [7].

Alternative to titanium cages, polyether ether
ketone (PEEK) cages have been increasingly used [8].
They provide similar stability to metallic cages and
decrease the stress on the vertebral endplates owing to
a modulus of elasticity closer to cortical bone [9].
However, new strategies in order to improve the bio-
compatibility and osseointegration of PEEK cages are
strongly required in order to increase the fusion
rate [8].

In addition, both titanium and PEEK cages are
currently produced only in a limited number of stan-
dard sizes and shapes. Surgeons currently limit their
choices to the availability of implant sizes and, in part-
icular, the closest match to fill the defect from the
excised IVD. Implant sizemismatch can cause damage
to the end plates on insertion. Undersized implants
can lead to subsidence, and oversize implants can
cause injuries to the neural structures. Importantly,
the selection of an oversize cage can increase the risk of
implant subsidence or failure. This was emphasised by
Palissery and colleagues who highlighted the impor-
tance of avoiding implants size mismatch to stimulate
regular bone integration [10]. The development of a
novel anatomically shaped and potentially perfectly
matched implants could lead to higher load transfer,
preventing damage to cortical bone, and therefore
accelerating the fusion process [11–13]. Potentially,
such newly designed spinal cages will also allow a faster
and more efficient planning of the surgical operation,
and will reduce the risk of failure of the implant by
ensuring improved matching with the patient verteb-
rae dimension and morphology (i.e. angles between
endplates, shape and size).

Importantly, the manufacturing of such ergo-
nomic/organic shape is now potentially achievable at
low-cost by techniques such as additive manufactur-
ing (AM). AM, commonly known as 3D-printing, has
represented a breakthrough in the world of medical
devices manufacturing. The capacity of this technique
to fabricate customised 3D structures with complex
geometries and excellent reproducibility has a poten-
tial to revolutionise implantology and regenerative
medicine [14, 15].

In this context, the goal of this study is to design,
develop and manufacture an anatomical 3D-printed
lumbar cage based on a novel composite biomaterial
for lumbar interbody fusion.

2.Materials andmethods

The process of fabrication and testing of a novel,
anatomically shaped, cage was divided into three
stages: first, optimisation of cage design and 3D-
manufacturing process; second,morphological–struc-
tural analysis and mechanical characterisation of the

developed cage; and, third, in vitro biological
evaluation.

2.1. Biomaterials
A proprietary nano-composite polymer, polyhedral
oligomeric silsesquioxane poly (carbonate-urea)
urethane (POSS-PCU) for medical applications pre-
viously developed by our group has been used in this
study [16]. Its ability of functioning as a component of
artificial organs [16], coatings for nanoparticles [17],
and a platform that could be functionalized with
bioactive molecules [18] have been proved. It has been
used in three different first-in-man clinical studies as a
lacrimal duct [16], as a bypass graft [19], and as the
world’s first synthetic trachea [20]. Polycarbonate
(PC) is one of the engineering thermoplastic materials
most commonly used and most widely tested in the
medical device field [21]. PC filament
(diameter = 1.75 mm, density = 1.20 gr cm−3, and
tensile modulus of 2350MPa) has been used for fused
deposition modelling (FDM) technology. Nano-
hydroxyapatite (nHAp) (donated by Ceramisys Ltd,
UK) has been used for the coating of the cage for its
very well known capacity to promote osteo-integra-
tion of the implant.

2.2. Lumbar cage design andmanufacturing
2.2.1. Design and optimisation via FEA
The geometry here proposed (figure 1) includes a
curved profile, which resembles the contour of the
vertebrae. The design was conceived for an anterior
approach of interbody fusion. The new geometry aims
to avoid uneven load transfer and fusion. Dimensions
of cage design are based on average spacing between
two adjacent vertebrate of adult lumbar region. Two
cavities, representing 36% of the entire volume, are
included with the purpose to support the bone tissue
growth for fusion process to occur. Filling density is a
fundamental parameter in the printing process. It
specifies howhollow or solid the internal structure will
be. A higher filling density gives a lower internal
porosity and increases the amount of material and
time consumption to fabricate the cage. As indicated
in figures 1(d)–(g), four different filling densities were
hypothesised with varying percentage of PC filling:
25%, 50%, 75%, and 100%.

Preliminary mechanical analyses were performed
by means of finite element analyses (FEA) for the eva-
luation of polymer cage architectures and the influ-
ence of the different filling densities. PC was modelled
as elastic material with Young’s modulus= 2350MPa
and Poisson ratio= 0.3. Themodelling of the different
filling densities was translated by assigning different
material properties to the core of the cage. Such differ-
ent property was described by elastic material with
25%, 50%, and 75% of the PC Young’s modulus [22].
The FEA were performed on two subsequent steps:
first, a preliminary pressure of 2.5 MPa was applied;
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corresponding to 1000 N distributed on the top sur-
face of the cage; second, a moment of 15 Nm was
imposed to the centre of mass of the device to simulate
the bending forces. The magnitudes of the loads were
chosen in accordance with numerical studies on the
loads of lumbar segments of the spine [23]. Resulting
stresses and strains were extracted and compared with
the limits of failure for PC (i.e. 70 MPa) [24].

2.2.2.Manufacturing optimisation

2.2.2.1. Printing parameters setup
For the manufacturing process, a FDM printer (Flash-
forge Dreamer, US) was used to fabricate the 3D
structure with a layer-by-layer deposition of polymer.
Following the optimisation, the parameters for the
printing equipmentwere selected, such as temperature
of the heating nozzle (Tn), nozzle diameter (Dn), print
speed, layer height, number of external shells (Ns),
filling density and temperature of the heated bed (Tb),
shown in table 1. The previously developed CAD

model was converted in .STL file and sliced to get 2D
layers by using Slic3r software.

2.2.2.2. Coating
In order to improve biocompatibility and bioactivity
of the printed polycarbonate cage, a two-steps coating
procedure by using POSS-PCU and nHAp powder
was carried out. Polymeric and nano-composite solu-
tions were prepared for this purpose. Polymeric coat-
ing was composed by POSS-PCU dissolved in
dimethylacetamide (DMAc) (20%w/w). Composite
coating was obtained by mixing previously prepared

Figure 1.Design of the proposed lumbar cage: (a) lateral; (b) top and (c) prospective view. In addition thewhite arrows indicate the
loads simulated on the device in FEA. Schematic of the four different filling densities hypothesised: (d) 25%, (e) 50%, (f) 75%, and (g)
100%.

Table 1.Printing parameters.

Tn 265 °C
Nozzle diameter 0.3 mm

Print speed 10 mm s−1

Layer height 0.2 mm

Ns 3

Filling density 25%

Tb 125 °C
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solution with nHAp powder (50:50 w/w) on an orbital
mixer during 3 h in order to get a homogeneously
dispersed slurry mixture. Polycarbonate cages were
first immersed for 5 min in the polymeric solution
then left to dry in oven at T = 65 °C. A second 5 min
immersion of the samples in the composite slurry was
followed by solvent casting process at room temper-
ature in order to avoid presence of cracks on the
surface of the cagewith a slow drying process.

2.3.Morphological analysis
A morphological evaluation of the nano-composite
coating by scanning electron microscopy (SEM, Zeiss
EVOHD15)was carried out. Previously, samples were
sputter-coated with gold in an ion coater (Q150R,
Quorum Technologies). Surface morphology of the
POSS-PCU polymer as well as nHAp particles dis-
tributionwas observed.

2.4.Wettability
Contact angle measurements were performed to
evaluate the materials wettability. The sessile drop
method was used to measure the contact angle by
depositing ultrapure water (3 μl; Milli-Q; Millipore,
USA) on the surfaces of the polymeric films using a
contact angle measurement system (Kruss, DSA 100,
Germany). Polymeric films were used to perform the
measurements. Three samples of eachmaterial (POSS-
PCU, POSS-PCU+ nHAp)with the following dimen-
sions: length= 3 cm, width= 1 cm,
thickness = 0.1 cm, were used for the study. Three
measurements were performed in each specimen, and
independent experiments were conducted on three
different samples.

2.5.Mechanical evaluation
Three cubic microstructures (10 × 10 × 10 mm3)
reproducing the same microstructure and pattern
organisation were tested. Samples were directly
printed by previously designed CAD files. The real
accurate dimensions of the specimens were measured
before the test. A universal Testing Machine (Tinius
Olsen, H25K-S UTM, USA) with a 2.5 KN load cell
was used to evaluate the mechanical properties of the
3D polycarbonate PC structures. The samples were
tested at a speed of 1 mmmin−1 without preloading.
Stress–strain data were computed from load–displace-
ment measurements. The compressive modulus was
determined based on the slope of the stress–strain
curve in the elastic region. Moreover, the compressive
strength at 40%deformation (σ40%)was reported.

2.6.Microstructure analysis by x-ray
microcomputed tomography (μCT)
Three cages for eachmaterial composition (PC and PC
+ POSS-PCU/nHAp coating) were scanned using a
Skyscan 1172 μCT scanner (Bruker μCT, Kontich,
Belgium) instrument with a voxel size of

20 × 20 × 20 μm3. The μCT scanner was set at 40Kv
and 250 μA using a pixel size of 28.67 μm without
filter.

The images were reconstructed using the Skyscan
Nrecon software and analysed using the Skyscan
CTAn programme to determine the porosity as well as
the presence of nHAp coating on the surface.

2.7. Topographical evaluation at the nanoscale by
atomic forcemicroscopy (AFM)
Surface topography as well as nHAp distribution at
the surface of the composite materials was observed
by atomic force microscopy (AFM system, Bruker,
Multimode 8, Belgium) a non-destructive technique
that allows measurement of surface topography in
3D at the nanoscale. The studied parameters were:
surface roughness (Sa), skewness, or the asymmetry
of the surface about the mean plane (Ssk), and
kurtosis, or peakedness of the surface about themean
plane (Sku). An ANOVA test was performed to
determine the statistical significance (p� 0.05) of the
differences in the values of compressive modulus
and strength.

2.8. In vitro biological response
14 mm diameter films were seeded with 2× 104
adipose derived stem cells (ADSCs) and tests of
metabolic activity andmorphologywere carried out.

Metabolic activity after 1, 3, 7, 14, and 21 days of
incubationwas assessedwith a resazurin assay (Alamar
Blue, Life Technologies). Three replicates (n = 3) for
each material were performed. All samples were cul-
tured for 28 days in Low Glucose DMEM medium,
10%FBS, 1%penicillin/streptomycin.

In order to observe the morphology of the cells
attached to the studied surfaces, fluorescence staining
was performed. After 24 h of culturing, the cells were
fixed by immersion in 4% paraformaldehyde in
10 mM phosphate buffered saline (PBS) at room
temperature (RT) for 15 min. The cells were rinsed
with a mixture of 10 mM PBS. Subsequently, the cells
were permeablised with 0.1% Triton X-100 for 8 min
at RT, washed three times in PBS. Tetra-
methylrhodamine conjugated rhodamine phalloidin
(R415, Life Technologies Ltd, UK) diluted to a work-
ing concentration of 1:50 in 1%BSAwas then added to
the samples and left for 30 min. Nuclear staining using
4′,6-Diamidino-2-Phenylindole, Dihydrochloride
(DAPI, Life Technologies Ltd, UK) dye was applied
diluted in PBS with a ratio of 1:1000 having 300 nM
staining solution for 4 min. The samples were then
screened for stained cells using fluorescent micro-
scope. Cell area and circularity were determined from
fluorescence images after 24 h of culturing by using
ImageJ software (n= 50 cells for eachmaterial).
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3. Results

3.1. In silico analysis
Results of FEA of the proposed lumbar cage are
reported in figure 2 at the moment of maximum load
following the application of an axial bendingmoment.
The distribution of Von Mises stresses varies accord-
ing to the different percentage of filling density.

The peak of the stresses varies between 14.1 MPa
for the 100% filling density and 34.1 MPa for the
model of 25% filling density. In all the cases, there was
no presence of abnormal high stress concentration
that could lead to the implant failure. The stress dis-
tribution across the space show how the majority of
loading support is provided by the outer wall. This is
particularly evident for the two lowest density cases
(figures 2(c) and (d)).

3.2.Morphological analysis by SEM
Figure 3(a) shows a prototype of the printed cage with
and without POSS-PCU and nHAp coating.
Figures 3(b)–(d)magnifies cross-sectional views of the
polymeric (POSS-PCU) and composite (first layer of
POSS-PCU, then a second along with nHAp). A
homogeneous POSS-PCU/nHAp coating with a layer
thickness around 100 μm is indicated by white arrows
(figure 3(b)).

3.3. Contact angle evaluation
Contact angle values for the studied materials are
reported in table 2. Overall, the presence of nHAp
strongly decreased the contact angle values of the
polymer blends in comparison to pure POSS-PCU.

3.4. Compressive test
Compressive modulus value was found to be 257.99±
6.69 MPa, value that is within the range of trabecular
bone values (50–500MPa) [25]. Compressive strength
at 40%of deformation was 40.49± 2.37 MPa, up to 20
times higher than the values of the trabecular
bone [25].

3.5.Microstructure characterisation byμCT
μCT images in figure 4 confirm the porosity of the
model with 25% fill density. These observations were
in accordance with previously selected parameters in
the prototyping software. The POSS-PCU coating was
homogeneously dispersed onto the cage surface, as
highlighted in figure 4(c). Microstructure evaluation
showed highly porous core 3D structure, with inter-
connectivity between pores.

3.6. Topographical evaluation byAFM
As described in table 3, average roughness (Sa) of
POSS-PCU increased by including hydroxyapatite
nanoparticles. Presence of bioactive nHAp particles
added topographical cues to the composite surface
conferring important biophysical signals for following
biological studies. No statistically significant differ-
ences were found in term of surface asymmetry and
peakedness by addition of nHAp particles. Figure 5
showed both 2D and 3Dmapping of the surface for the
polymeric POSS-PCU and the composite material
containing nHApparticles.

Figure 2.VonMises stress distribution for the (cross-section) of fourmodel of lumbar cage designwith varying fillings: (a) 100%, (b)
75%, (c) 50%and (d) 25%. The scale is normalised to themaximumvalue of 25 MPa for visualising the differences of stress
distribution.
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3.7. Cell assessment
Cytoskeleton staining using F-Actin was undertaken
to evaluate the effect of surface modification on
ADSCs. Cells cultured on all the test samples showed
polygonal morphology (figure 6). Morphological eva-
luation at 24 h (figures 6(a)–(c)), showed stretched
cytoskeleton for the cell seeded on all the set of
materials. Figures 6(d) and (e) showed no statistically
significant differences in term of cell circularity and
area between POSS-PCU and the nHAp-coated one.
Metabolic activity assay (figure 6(f)) showed similar
number of viable cells at the early stage of seeding (day
1–3) for POSS-PCU and POSS-PCU+ nHAp. Higher
value was observed for the polymeric samples at day 7.
Finally, the composite material presented higher
metabolic activity at longer time of culturing
(day 14–21).

4.Discussion

Novel approaches for scalable and flexible healthcare
manufacturing solutions are strongly required by
clinic and medical devices market [26]. In this
perspective, the proposed work focused on assessing
the suitability of a low-cost FDM system to fabricate
an intervertebral fusion cage. In particular, 3D-print-
ing technology was used to fabricate a nano-composite
based on anatomically shaped lumbar cage. After a
preliminary optimisation of the design via in silico
analysis, cage’s printing parameters were optimised
and the achieved construct was physically charac-
terised to ensure its compatibility for load bearing
applications as spinal implant. In addition preliminary
in vitro cell culture tests were performed to access
biocompatibility offinal constructs.

3D-printing process consists of highly complex
procedure that combines hardware, software andmat-
erial properties optimisation [27]. The selection of an
optimal set of parameters allowed the generation of
well-defined structure with smooth surface-finish.
This is due to the deposition of the compact 3 layer
external shell along with slow printing speed of
10 mm s−1 (as shown in table 1).

Main limitation factors to print suitable cages were
the maximum temperature achieved with the heating

Figure 3. (a)Aprototype fabricatedwith the patient specific design, with andwithout coating. SEManalysis of hydroxyapatite coating
of polymer used for 3D-printing: (b) cross-sectional view of printing polymer coatedwith nano-compositematerial containing
bioactive nano hydroxyapatite nHApparticles.White arrows show coating thickness and nHAp crystals exposed on the surface (c), (d)
highermagnification of polymer surface coatedwith nHApparticles show topography at themicro and nanoscale.

Table 2.Contact angle evaluation for the polymeric and composite
materials used (values± SD).

Material POSS-PCU

POSS-PCU

+nHAp

Distilled and deionized

water (°)
98.77± 0.72 11.56± 1.53
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nozzle (Tn = 265 °C) and heating bed (Tb = 125 °C)
by the commercial printer used in this study. As PC
filament requires higher melting temperature
(275 °C–285 °C). This lack of higher temperatures for
the material dispensing leads to detachment of the
samples from the bed before the end of the process, at
an expense of resolution and printing time. In order to
remedy to this restriction and fix the optimal set of
parameters, a faster process was adopted by decreasing
the filling density from 100% to 25% of total volume
for the core of the cage. In this scenario, FEAwere used
to verify the design and plan the manufacturing pro-
cess. Therefore, careful consideration on the selection
of lower filling density has been done as it clearly influ-
ences the mechanical properties of the final cage
device. For instance, too low filling density, with con-
sequent poor interconnection point among the

printed layers, could lead to failure of implant during
the application of mechanical loads. In the case of
lumbar cage, it is of paramount importance to get ade-
quate mechanical properties in order to support the
human physiological loads. In silico analysis, showed
in figure 2, was a useful method to preliminary test the
cage design and to find an optimal value of filling den-
sity without compromising mechanical properties of
the construct. An economic and faster method to
manufacture 3D-printed cages with suitable mechan-
ical properties by using a 25% of filling density was
developed. The co-relation between designed and
manufactured cage specimen was confirmed by the
micro-CT evaluation, which confirmed highly porous
and interconnected architecture similar to CAD
design, confirming accuracy of the manufacturing
process.

It is very well known that coating the surface of
spinal inter-body implants with osteoconductive
materials such as hydroxyapatite—can enhance
osseointegration [10, 28]. In the case of PEEK devices
coated with hydroxyapatite, the bone fusion process
can be compromised due to the lack of physical bond-
ing between PEEK andHAp [28, 29]. In our study, sui-
table hydroxyapatite coating of the lumbar cage was
achieved by mixing nHAp with POSS-PCU polymer,

Figure 4.MicroCT images of the 3D-printed devices: (a) 3D view and (b) cross-section of the designed cage highlighting the internal
porosity. 2DμCT slices for a no coated (c) and coated cage (d). Arrows showpresence of POSS-PCU coating.

Table 3.Roughness parameters for the studiedmate-
rials (values± SD).

POSS-PCU POSS-PCU+nHAp

Sa (nm) 4.15± 0.16 10.2± 0.23

Ssk 0.413± 0.26 0.458± 0.11

Sku 4.03± 0.44 4.02± 0.06
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which integrates well with PC core of the cage ensuring
optimal interface bonds. Morphological examination
by SEM of the cage’ surface coating showed homo-
geneously dispersed nHAp particles embedded in a
biocompatible POSS-PCU polymer matrix. Also, the
low cooling rate used during the casting procedure (at
room temperature) was suitable to avoid presence of
cracks on the surface of the cage. POSS-PCU acted as a
suitable matrix in order to cover PC cages with a thin
layer of biocompatible and bioactive material. In addi-
tion, nHAp particles agglomeration on the surface
introduced an interesting topography at themicro and
nano-scale. Nevertheless, investigation should be
done to assess if the presence of biochemical and bio-
physical signals gained by the introduction of nHAp
particles will influence stem cells differentiation.

When 3D-printed cages were mechanically tested
for compressive modulus, the values similar to trabe-
cular bone were obtained compared to values reported
for commercial metallic and PEEK based cages repor-
ted in literature [25, 30]. Mechanical properties of
implant close to surrounding bone are important as
this has an impact on stress shielding and integration
of implant for bone fusion. However, furthermechan-
ical tests which stimulate motion of spine are required
to test this in future.

The effect of topographical cues (such as surface
roughness, peaks or grooves) on cell behaviour has

been widely studied [31–33]. Coating of 3D printed
cage with nHAp lead to decrease in water contact
angle, confirming presence of hydrophilic nHAp on
the surface. This was further confirmed by AFM and
SEM analysis. The average surface roughness (Sa) of
the POSS-PCU coated cages increased from 4.15 ±
0.16 nm to 10.2± 0.23 nm following coating process.

To confirmmanufactured cages using 3D printing
process and coated with nHAp showed biocompatible
characteristics, they were tested with ADSCs in pre-
liminary sense. Cell behaviour was assessed for their
morphology and growth using cytoskeleton staining
and metabolic activity. In spite of changes in surface
roughness, cells did not show any significant change in
cell morphology. This was confirmed with average cell
area and circularity measurements. Metabolic activity
studies over period of 3 weeks showed cell growth all
samples with higher activity on nHAp coated samples.
This can be attributed to its biological functions. Fur-
ther long term biological assessments will be required
to access suitability of these nano-composite materials
in promoting osteogenic differentiation and modulat-
ing the foreign body reaction towards tissue healing
and remodelling, which will be important for fusion
process in real life applications. In the future, more
appropriatemechanical tests (i.e. fatigue tests in accor-
dance with ASTM F2077) should be performed and
accurate preclinical testing of this postulate in a large

Figure 5. (a), (b) 2D and (c), (d) 3Dmapping of the surface for polymeric (a), (c) and composite (b), (d) surface.
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animal model will be required. The work proposed is a
feasibility study on the application of 3D printing for
the manufacturing of healthcare solution exploring
the potential impact of such technology to reduce
costs of personalised implants.

5. Conclusion

In this study a novel method to develop anatomically
shaped lumbar cage for fusion has been proposed.
Design optimisation based on computational and
experimental analysis combined with the 3D-printing

technology provides a faster, scalable and inexpensive
method to fabricate anatomically shaped cages for
spinal fusion applications. This study paves the way for
further exploration of 3D printing technology for
customisable implants for variousmedical applications.
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each condition. (f)Metabolic activity calculated via Alamar Blue assay (n= 3). The valuesmarkedwith an asterisk (*) showed statistical
significant differences (p� 0.05).
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