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Abstract

Computed tomography and magnetic resonance imaging are two powerful modalities
which can be used in the clinical setting to produce data for the creation of patient-specific
finite element analysis (FEA) models and physical analogues—for instance, by using
additive manufacturing (AM)—that mimic the properties of soft and hard tissues, both
morphologically and mechanically. However, there remains a gap between creating a
perfect biofidelic physical analogue and its computational counterpart. This gap exists
because, firstly, in silico models are often too complex to realise, and secondly, real-life
conditions are challenging to emulate both computationally and mechanically, as they
involve multiscale situations that are inherently heterogeneous and patient specific. In this
study, we applied a multi-scale approach to design and model porcine vertebral specimens.
Our results identified critical design factors that affect the quality and accuracy of the
models, specifically highlighting that scanning resolution/fidelity and the thresholding
technique have a directly proportional impact on model accuracy. A small shift up and
down the greyscale level by 20 units can affect the behaviour of the AM sample by as
much as [−15% +47%]. Working up the levels for manufacturing, testing and modelling
(i) cylindrical cores to (ii) whole vertebrae and then (iii) a whole spine motion segment,
we observed that the fidelity of predictions reduces, and errors increase as the structure
becomes more complicated and intricate (3.6%, 7.5% and 15%, respectively). We are
confident that further material-level developments will provide solutions for the more
intricate parts of spinal motion segments, such as the intervertebral discs and facets, which
in their natural form are highly sophisticated structures. To the best of our knowledge, this is
the first time a holistic multiscale approach has been implemented to produce AM biofidelic
analogues of skeletal parts. Our data showed good agreement between the physical and in
silico models, confirming that it is possible to model real-time objects and situations both
physically and in silico. This ultimately will enable the development of accurate, patient-
specific physical models for use in biomechanical testing and medicolegal applications.

Keywords: clinical scanning; image-based biomechanics; patient-specific FEA; multiscale
modelling; additive manufacturing; biofidelic physical analogues

1. Introduction
The combination of additive manufacturing and increasing computational power

has introduced new concepts in the development of biomechanical analogues and corre-
sponding models, allowing for the creation of robust in silico and physical models that
overcome the complex ethical procedures concerning the use of cadaveric specimens. Rapid
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prototyping and 3D printing has proved invaluable in biomedical engineering, orthopaedic
surgery and clinical education [1–6], and in forensic applications by offering physical size
models which can be handled and used to demonstrate structure and materials [7,8]. Finite
element analysis, in particular, has facilitated the characterisation and testing of different
components of the musculoskeletal system [9]. This evolution in computational and screen-
ing techniques has driven research towards complex and unknown territory [10,11], where
bone macro-modelling is increasingly replaced by highly detailed and resource heavy
micro-scale models [12]. The creation of biofidelic models, whether in silico or in real life,
is more complex when investigating intricate geometries where the interactions between
different subcomponents (such as soft and hard tissues) play a key role [13]. The reliability
of such models depends heavily on how they are defined, interpreted and implemented for
each application. These definitions are based on approximations and compromises limited
by technical and resource constraints such as 3D printing resolution, scanning capability
and the trade-off between computational speed and accuracy [10,12–14].

1.1. Recent Applications—Skull

We have recently used a combination of 3D printing and FEA (finite element analysis)
modelling to study skull fractures in impact [15,16]. The results were remarkably repro-
ducible and offered insight in fracture scenarios, where if one used real tissue samples,
every test would yield a different outcome. By producing many copies of the same skull
(reproducing the geometry accurately with exactly the same material each time), it is possi-
ble to observe if a fracture pattern, fracture being a stochastic event, is a result of the bone
material heterogeneity, the bone structure, or both. Two aspects of the skull fracture were
particularly revealing: firstly, the cracks emanating from the impact site were always of the
same pattern and directionality in every test, indicating that the crack progress had more
to do with the structure and geometry of the skull than what it was made of, and secondly,
smaller cracks at the base of the skull were at the same site in the various tests and also
where FEA models were predicting them to be (Figure 1).

 
Figure 1. An example of a holistic approach involving the creation of both a physical model and an in
silico (computational) model of a human skull, as studied in [15,16]. (A) A number of replicas of the
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skull were impacted at the same point in a drop tower, suitable illumination and high speed cameras
were used, full details in [15,16]; (B) crack patterns at the site of impact were emanating in 3 diverging
crack routes, which were identical in all replicas of the skull used [15]; (C) other cracks at the base of
the skull (red square) appeared reliably and repeatedly in certain areas and where FEA modelling
predicted them to appear (enlarged views of the area in (D,E)), showing a synergy and agreement
between these two powerful biomechanical testing methodologies (AM produced physical model
and in silico computational model).

1.2. Recent Applications—Vertebrae

In spine biomechanics, motion segment analogues have been produced with varying
levels of success [17,18]. Outsourcing the development of custom analogues requires
several months of lead time and involves prohibitive costs and ethical restrictions, which
limit their accessibility. These analogues are produced mostly for demonstration and
training purposes, and as such do not fully simulate the mechanical behaviour of the
natural parts they represent. Biofidelic copies of vertebrae and spine motion segments have
been validated by quasi-static compression loading in vitro [19]. 3D-printed analogues
were created using readily available and off-the-shelf materials with known mechanical
properties: namely, acrylonitrile butadiene styrene (ABS) for the vertebral body and a
two-part liquid polyurethane rubber system (of an appropriate Shore hardness value) for
the intervertebral disc (IVD) and the superior and inferior process ligaments [19–21].

1.3. The Need for Multilevel Validation

The present study explores the potential of finite element analysis (FEA) for the
modelling and validation of 3D-printed spinal analogues under quasi-static loading
(0.01 mm/s), which is investigated using a bottom-up approach (from small sample size
and increasing the length scale) instead of the top-down strategy applied in other multiscale
studies [22,23]. This would allow us to determine the lowest fidelity needed to provide an
effective method for the validation of the physical model, thus reducing the costs and lead
time for a patient-specific FEA solution. A biofidelic finite element model must be fed with
material properties in order to calculate accurate stresses and strains. The assignment of
these properties at the microscopic scale is derived from measurement at this level, which
usually involves a surrogate physical variable such as the micro-CT greyscale (GS). This
is dependent on the linear attenuation coefficient of the material, which is linked to the
material density.

In order to generate a material model for ABS over a wide applicable range (micro
to macro), there needs to be a discernible variation in the average GS values between
samples. Here, we achieved this in three steps by testing specimens with (1) longitudinal
holes in solid cores (longitudinal cores), (2) solid, high-density and low-density filled cores
(transverse cores), and (3) artificial vertebral cores (AVCs) with varying threshold levels.
The most accurate material model was selected and applied to higher-scale segments: (1) an
artificial vertebral body (AVB) and (2) an artificial motion segment (AMS), comprising
two vertebrae with the intervertebral disc (IVB) in between, as described in our previous
work [20,21]. We have thus investigated the best practices for generating an FEA model of a
physical analogue that is suitable for multiscale analysis, ultimately aiming to facilitate the
development of patient-specific tissue (and bone tissue, for that matter) analogues which
can be used in orthopaedic and biomechanical applications.

2. Materials and Methods
All samples (whole vertebral bodies and cores) were printed using a fused deposition

modelling (FDM) UPrintSE printer (Stratasys Inc., Eden Prairie, MN, USA), based on com-
puter aided design (CAD) geometry samples at 100 µm, a scale that achieves mechanically
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accurate 3D-printed replicas of biological objects [15,20]. Tool paths for 3D printing were
generated using CatalystEX v4.5 (Stratasys Inc., Eden Prairie, MN, USA). Production of
whole AVB samples were based on micro-CT image stacks obtained from six porcine verte-
bral bodies. The entire vertebral body was sectioned, removing the endplates, vertebral
arch and pedicles. The AMS analogue was based on RMS#4 (Real Motion Segment), one of
these six spine specimens, and was created using the same method as the AVB samples,
with one exception: IVD and facet joints were introduced that fused the top and bottom
vertebral bodies. The IVD and intra-facet cartilage (area between facet joints) were formed
from PT Flex 85 liquid rubber of Shore A hardness 85 (Polytek Development Corp., Easton,
PA, USA). The two-part rubber was mixed and then injected into a cast built around the
IVD superior and inferior endplates and the superior and inferior articular processes, using
Sugru mouldable glue (FormFormForm Ltd., London, UK). Accurate IVD thickness (based
on CT reconstructions) was ensured by placing struts that were equal in height to the IVD
(also produced using PT Flex 85) at three points on the endplates. Figure 2 shows the
completed sample following the injection of the IVD and facet ligaments, which has been
reported in detail by Franceskides et al. [20,21].

 

Figure 2. Artificial motion segment, as used and analysed in a previous study [19]; (A) surface model
following CT scanning ready for use with AN; (B) 3D-printed sample as a physical model; (C) AM
physical model with a surface speckle ink pattern to allow surface strain mapping by using DIC.

Core samples with longitudinal holes (Figure 3A) were created using SolidWorks 2018
SP1 (Dassault Systèmes SolidWorks Corporation, Vélizy-Villacoublay, France). For these
samples, the diameter of the hole was kept constant at 2 mm, but the number of holes
varied (0, 1, 3, 5 and 7).

The transverse cores with varying fill distribution (Figure 3B) were created by mod-
elling a solid cylinder and using CatalysEX to select three different default fills: solid, high
density or low density. Using these settings, the external structure was printed as a solid,
whereas the density of the internal structure was varied by controlling the amount of fill,
achieving a more even density variation throughout the cylinder (particularly in the x and
y planes) compared to the longitudinal cores. Both the longitudinal and transverse cores
were 9 mm in diameter and 25 mm long to maintain comparability between the test results.
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The data from the longitudinal and transverse cores were pooled (LTCs) for broader density
variation and to improve the population size in comparison to the AVCs.

Figure 3. Examples of (A) longitudinal, (B) transverse and (C) artificial vertebral cores.

The AVCs were generated by segmenting micro-CT scans from two cadaveric porcine
motion segments (real motion segments, named RMS#4 and RMS#5) obtained in our
previous studies [19–21]. These were derived from two porcine vertebrae at levels L1-L2
and T12-L1, respectively (Figure 3C). The cores were taken from a cylindrical region of
interest, 9 mm in diameter, and aligned with the axis of loading and axis of the spine.
The lengths were limited by the size of the actual vertebrae (without the endplates), so
that AVCs were shorter than the longitudinal and transverse cores (LTC). Core density
was varied by controlling the amount of bone thresholded compared to the baseline. The
thresholding level has a significant effect on the microarchitectural values produced for
cellular solids, as has been shown recently [24]. Models with a threshold grey scale value
of ±20 in relation to the baseline were generated in addition to the standard upper/lower
peak thresholding procedure. Figure 4 shows an example of the segmentation. A thin
solid shell of material was added to the circumferential edge of the cores (to create a solid
surface around the core), as shown in blue, to prevent tool path generation errors, which
are generated by the cellular discontinuous geometry of these cellular samples.

 

Figure 4. Artificial vertebral core segmentation with an outer shell added circumferentially around
the edge (The bright colours are only used for illustration of the segmentation).

The AVCs were bathed, prior to scanning, in a Support Cleaning Apparatus (PADT
Inc., Tempe, AZ, USA). This ensured that all the internal support was removed without
damaging or affecting the rest of the structure. Once all the support was removed, samples
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were scanned at the same resolution and settings as stated above for the longitudinal and
transverse cores.

These were scanned using a CT H225 cone beam µCT scanner (Nikon Metrology
UK Ltd., Tring, UK) operated at 80 kV and 65 µA. Noise reduction and beam hardening
correction were achieved using CT Pro 3D (Nikon Metrology UK Ltd.). The geometric
magnification produced a voxel dimension of 26 µm for all the cores, 55 µm for the AVBs
and 89 µm for the AMS experiment. The data generated during the scans were used for
finite element modelling and morphometric analysis. ImageJ v1.52 [25] with the BoneJ
v1.4.3 [26] plugin was used to calculate the GS values of the ABS peak and air peak, as
well as the volume fraction, degree of anisotropy and mean GS through the entire cylinder.
Table 1 shows the volume fraction and weight of the LTC samples.

Table 1. Volume fraction and weight of the longitudinal and transverse cores (LTCs).

Samples Volume Fraction Weight (g)

1 Solid 0.999 1.507
2 0 Holes 0.998 1.503
3 1 Hole 0.916 1.386
4 High Density 0.907 1.301
5 3 Holes 0.843 1.290
6 5 Holes 0.773 1.168
7 7 Holes 0.736 1.062
8 Low Density 0.624 1.006

Table 2 shows the allocation of cores from the original specimens, highlighting param-
eters such as the volume fraction, weight, volume and length.

Table 2. Properties of artificial vertebral cores.

Motion
Segment

Vertebral
Body

Core
Section

Volume
Fraction Mass (g) Volume

(mm3)
Length
(mm)

RMS#4

RVB4_T
4BN 0.787 1.049 1059.22 20.60
4BO 0.568 0.831 802.08 20.26
4BU 0.929 1.232 1217.84 20.52

RVB4_B
4TN 0.836 1.101 1066.75 19.87
4TO 0.760 0.994 978.78 19.89
4TU 0.920 1.208 1183.93 19.85

RMS#5

RVB5_T
5BN 0.715 0.880 842.64 17.98
5BO 0.594 0.760 727.21 17.98
5BU 0.817 0.996 972.45 17.98

RVB5_B
5TN 0.722 0.890 872.23 17.34
5TO 0.696 0.828 795.43 17.05
5TU 0.830 0.961 916.46 17.36

2.1. Mechanical Testing

All analogues were tested under compression in a Dartec Series HC25 servo-hydraulic
testing machine (ZwickRoell Ltd., Worcester, UK) with a 9610 controller running its own
Workshop 96 software. The tests were conducted from rest to plastic failure (or force
limit of the load cell, whichever came first) under crosshead displacement control at
0.01 mm/s. The forces were logged using a 5-kN load cell (Sensotec, RDP Electronics
Ltd., Wolverhampton, UK). The core specimens were held centred in endcaps. The bottom
endcap was fixed, whereas the top endcap featured a self-levelling platen (Figure 5F).
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Figure 5. Porcine spinal analogues. Starting from the topmost samples: (A) three transverse cores
of different densities, produced by setting the printer to use infills of solid, low density and high
density; (B) five longitudinal cores with varying number of holes (practically same in-fill setting but
in effect variable apparent density, depending on the number of holes present: 0, 1, 3, 5, 7 from left
to right); (C) twelve transverse cores produced by varying the threshold levels of the scans; (D) six
vertebral bodies; and (E) a complete AM motion segment. (F) Mechanical testing setup of the cores
with a contact extensometer attached and held in place against the central portion by rubber bands.

In the AMS experiment, the loading was delivered using a flat, spherical-joint, self-
levelling platen at the top and a fixed, flat platen at the base, whereas the AVBs were fixed
between an endcap, spherical-joint platen at the top and a fixed-endcap platen at the base.

2.2. Finite Element Model

Geometry: The CT images were segmented using Simpleware ScanIP M-2017.06-
SP2 (Synopsys Inc., Mountain View, CA, USA). CT scans were resampled to 100 µm for
consistency between meshes. The outer surface of all samples was identified using standard
thresholding techniques. The meshes were created using quadratic 10-node tetrahedral
elements in the FE-Free meshing routine of Simpleware ScanIP. This was done at the coarsest
setting (−50) to reduce the computational cost of the models as much as possible, allowing
for analysis on the less capable machines that are often found in a clinical environment. The
average GS air peak and the measured apparent density (mass/volume) [27] were used to
draw a linear relationship between the GS and apparent density (Figure 6).

Table 3. ANSYS mechanical properties of idealised and artificial vertebral cores (AVCs). ABS:
Acrylonitrile butadiene styrene and IVD: intervertebral disc.

Material Type GS-Density Relationship
(mg/mm3) Elastic Modulus (MPa) Poisson’s Ratio

ABS (idealised geometry) 3.098 × 10−11 GS − 7.15 × 10−12 1.244 × 1019 ρ1.752 0.35
ABS (AVCs) 3.082 × 10−11 GS + 1.31 × 10−11 4.135 × 1025 ρ2.489 0.35

IVD N/A 2.5 0.49
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Figure 6. Artificial core apparent density plotted against grey scale (GS). Model curve (red line) App
Dens = 3.082 × 10−11 GS + 1.31 × 10−11 (Table 3).

The relationship between density and elastic modulus was described using a fitted
power law curve (Figure 7) that was similar to that reported for trabecular bone sam-
ples [28].

 
Figure 7. Artificial core elastic modulus plotted against apparent density. Model curve (red line)
E = 4.135 × 1025 ρ2.489 (Table 3).

This was done twice: once for the LTC and again for the AVC samples. A Poisson’s
ratio of 0.35 [29,30] was applied to complete the linear elastic model for the bone analogues.
The AMS included an additional analogue two-part rubber IVD, which was modelled as
a human intervertebral disc with an elastic modulus of 2.5 MPa and a Poisson’s ratio of
0.49. This value is representative of the entire composite body, comprising the nucleus
pulposus and annulus fibrosus: the two ground substance inner and outer components of
the IVD [31]. Two FE material models were created, one (FLC) based on the 3DP samples
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with the geometry of idealised longitudinal cores (computer designed cancellous inner
architecture) and another (F-DLS) on the AVCs (scanned real cancellous architecture). Their
relationships and material properties are compared in Table 3.

The models generated for all cores (LTCs and AVCs) comprised ~15,000 elements and
were analysed using ANSYS APDL v15.0 (ANSYS Inc., Canonsburg, PA, USA) with an
implicit solver. The top face was coupled to replicate the effects of a platen and displaced
by 1 mm, whereas the bottom face of each specimen was fixed in all directions. The nodal
reaction forces on the top face were computed to provide a stiffness measurement for
validation against the mechanical testing.

3. Results
Accurate patient-specific finite element models and their analogues are needed in the

fields of forensic and injury biomechanics, as well as orthopaedics. Micro-CT data were
used to develop analogue models of porcine spinal motion segments with subsequent FEA
models. These were then tested in a similar manner to compare their stiffness and reaction
forces. Clinical CT scanning is currently conducted at 300–500 µm [32], which is a much
lower resolution than the image segmentation used for the FEA in this study (100 µm). The
present scans produced a more accurate FEA model because there was more data upon
which to base the model. The discrepancy between the in vivo and in vitro CT scanning
resolution could be a limiting factor for the clinical application of this model.

3.1. Artificial Cores

The arithmetic mean and standard deviations for the morphological results of the
samples are shown in Table 4.

Table 4. Comparison of morphometric data for artificial vertebral cores (AVCs) and longitudinal and
transverse cores (LTCs), with asterisks (*) indicating significant differences.

LTC AVC AVC Sub
Mean Std. Dev Mean Std. Dev Mean Std. Dev

Length (mm) 25.15 * 0.132 18.89 * 1.321 18.95 * 1.331
Volume fraction 0.849 0.1233 0.765 0.1082 0.765 0.0496
Dapp (Mg/mm3) 7.96 × 10−10 1.07 × 10−10 8.12 × 10−10 9.27 × 10−11 8.12 × 10−10 3.71 × 10−11

DA 0.987 * 0.0157 0.305 * 0.0925 0.305 * 0.0248

To compare the morphometry with that of porcine trabecular bone, the four AVCs
were thresholded using the standard method (4BN, 4TN, 5BN, 5TN) and then subsampled
into AVC Sub; two-sample t-tests were used to calculate significant differences in relation to
LTCs (p = 0.05). The AVC and AVC Sub samples featured virtually indistinguishable means;
therefore, in this context, they can be used interchangeably. The length was consistent
for the LTCs, but there was greater variation in the AVC and AVC Sub samples. The
volume fraction was 8% higher on average for the LTCs, but showed greater variance than
AVC and AVC Sub. The apparent density of the two models was similar and showed an
inter-specimen correlation when normalised against the volume fraction (6.76 × 10−10 LTC,
6.21 × 10−10 AVC). The LTC dataset was mostly orthotropic, whereas the AVC dataset
showed a much more anisotropic construction (0.305). Figure 8 shows the variance in the
experimental stiffness values for the different vertebral bodies and its dependence on the
thresholding method, revealing a nonlinear relationship between the −20 and +20 GS.
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Figure 8. Experimentally obtained stiffness (Kexp) values for the 3 different thresholds on 4 samples.
When the threshold value increased (less material in the 3DP sample), the material stiffness decreased
by 15.3% on average (average DK = −0.48 kN/mm; significant paired t-test p = 0.009 < 0.05). For
a similar shift in the threshold to the lower value (added more material in the 3DP sample) and
the stiffness increased on average by 47.3% (average DK = +1.49 kN/mm; significant paired t-test
p = 0.004 < 0.05), showing that the thresholding level had a significant and non-linear effect on the
properties of the produced 3DP sample.

The morphometric data shown in Table 4 reveal several trends. The AVC and AVC Sub
data have similar arithmetic means, but the AVC Sub data have a much smaller standard
deviation. This is expected, because the population has been reduced from 12 to four but is
segmented in the same manner, reducing the morphological variance. It also shows that
different thresholding methods have a linear effect on morphological measurements. This
is in contrast to the nonlinear mechanical relationship between the thresholding techniques
(Figure 8).

The apparent density is controlled by the threshold value applied during segmentation.
Our model shows a nonlinear relationship between the apparent density and experimental
elastic modulus, which is reflected in the power exponent in the fitted material model
(ρapp

2.489, R2 = 0.944), which is in the range of previously reported bone FEA models
(ρapp

1.49–ρapp
3) [12].

The degree of anisotropy for the LTCs was close to 1 ± 0.016 (mean ± SD), which is
understandable, as these are computer-designed and have directionality. Meanwhile, the
AVCs had anisotropy of 0.305 ± 0.0925, which was similar to previously reported porcine
vertebral anisotropy values of 0.321 ± 0.067 [33]. There was no significant difference
in apparent density between the LTC and AVC samples (two-sample t-test, p = 0.754)
and when normalised against the volume fraction, the mean values were much closer
(6.76 × 10−10 LTC, 6.21 × 10−10 AVC), showing that there is little variance in the 3D-
printing procedure, which could affect the mechanical results. Furthermore, no significant
differences in volume fraction were observed between the cores. Therefore, both sets had a
similar spread of volume fractions, indicating that other morphological properties affect
the mechanical response and model characteristics.

Bone has a higher elastic modulus than ABS, 10–20 GPa vs. 3 GPa, respectively,
so a greater volume of ABS material (higher BV/TV inevitably) is needed to achieve
a mechanically comparable behaviour at the macrostructural level [19]. As previously
recommended [34], we measured the bone volume divided by the total volume (BV/TV)
of porcine vertebrae in the range 0.30–0.40, whereas the cores used in this study were
0.80 ± 0.12 overall and the AVBs were 0.82 ± 0.98. Given the lower elastic modulus of ABS,
higher BV/TV values are necessary in bone analogues and are therefore adjusted so that
the models achieve a similar stiffness upon loading [19].
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The in silico and experimental stiffness results for the longitudinal and transverse
cores showed good agreement. We obtained two computational stiffness values: one using
model F-DLS and the other using model FLC (Table 5).

Table 5. Longitudinal and transverse core stiffness results. K: Stiffness. Exp: Experimental value.
FEA: Finite element analysis value. F-DLS and FLC are FE models.

Sample Volume
Fraction Weight (g) KEXP

(kN/mm)
K(F-DLS)

(kN/mm)
K(FLC)

(kN/mm)

Solid 0.999 1.507 3.917 3.710 4.978
0 Holes 0.998 1.503 3.084 2.909 4.997
1 Hole 0.916 1.386 3.569 3.339 4.036

High Density 0.907 1.301 3.113 3.020 3.947
3 Holes 0.843 1.290 2.623 2.262 4.587
5 Holes 0.773 1.168 4.044 3.945 4.167
7 Holes 0.736 1.062 2.975 2.818 3.311

Low Density 0.624 1.006 2.294 1.692 2.482

Model F-DLS under-predicted stiffness by 10.5% on average (average DK = −0.24 kN/mm;
significant paired t-test p = 0.005 < 0.05), whereas model FLC over-predicted the stiffness by
26.1% on average (average DK = +1.10 kN/mm; Significant paired t-test p = 0.004 < 0.05).
Figure 9 compares the computed stiffness values of the two FE material models against
the experimental values for the longitudinal cores; the more significant qualitative result is
that the behaviour of the FLC models was erratic, while the F-DLS models followed the
experimental data linearly and proportionately.

Kexp (kN/mm) 
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Figure 9. FE model stiffness values for FLC (circles) and F-DLS (diamonds) models vs. experimentally
determined stiffness (Kexp). The line of equality is also shown (dashed).

Table 6 summarises the stiffness results for AVCs and shows a 3.6367–371 average
under-prediction of stiffness (average DK = −0.13 kN/mm; not significant paired t-test
p = 0.121 > 0.05) when comparing the F-DLS material model to the experimental data. By
contrast, the FLC models over predicted the stiffness values by 55.8% on average (average
DK = +1.83 kN/mm; significant paired t-test p = 0.001 < 0.05). Like previously, while
the F-DLS models followed the experimental data linearly, the FLC models were erratic
(presenting noise). Figure 10 compares the computed stiffness of the two material models
against the experimental values for the cores created using RMS#4 and RMS#5.
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Table 6. Artificial vertebral core stiffness results. BV/TV: Bone volume divided by the total volume.
K: Stiffness. Exp: Experimental value. FEA: Finite element analysis value. F-DLS and FLC are
material models.

Sample BV/TV KEXP (kN/mm) K(F-DLS)
(kN/mm)

K(FLC)
(kN/mm)

4BN 0.787 2.725 2.879 4.525
4BO 0.568 2.313 2.172 2.821
4BU 0.929 4.635 5.467 6.973
4TN 0.836 3.59 3.636 5.253
4TO 0.760 2.947 3.029 4.710
4TU 0.920 5.127 4.948 6.314
5BN 0.715 2.79 2.973 4.773
5BO 0.594 2.496 2.538 5.364
5BU 0.817 4.268 4.276 6.107
5TN 0.722 3.474 3.433 5.435
5TO 0.696 2.898 3.276 5.128
5TU 0.830 4.500 4.701 6.280

Kexp (kN/mm) 
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

FE
 co

m
pu

te
d 

st
iff

ne
ss

 (k
N/

m
m

) 

1

2

3

4

5

6

7

8

FLC

F-DLS 

Figure 10. AVC4 and AVC5 core F-DLS (diamonds) and FLC (circles) material models. FEA-derived
stiffness (KFEA) plotted against experimentally determined stiffness (KExp). The line of equality is
also shown (dashed).

3.2. Artificial Vertebral Bodies

Table 7 and Figure 11 shows morphometric and mechanical testing data from the
AVBs, using the F-DLS material model. This repeats the previous analysis, now at a higher
level (vertebrae are larger and more intricate in geometry than simple cores) by focusing on
the use of the more successful F-DLS model. The FE models consistently over-predicted the
stiffness of whole vertebral body samples by 7.5% on average (average DK = +1.83 kN/mm;
not significant paired t-test p = 0.014 < 0.05), but followed the experimental data with fidelity
and in a linear manner.
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Table 7. Artificial vertebral body morphometric data and experimental results. BV/TV: Bone volume
divided by the total volume. K: Stiffness. Exp: Experimental value. F-DLS is a material model.

Body Mass (g) BV/TV V (mm3) Rho (Homo) Kexp K(F-DLS)

AVB1 5.942 0.825 6.67 × 103 8.91 × 10−10 24.345 27.704
AVB2 3.283 0.739 3.94 × 103 8.34 × 10−10 18.946 20.106
AVB3 3.046 0.845 3.13 × 103 9.72 × 10−10 27.615 30.646
AVB4 3.966 0.822 4.30 × 103 9.21 × 10−10 19.268 21.339
AVB5 3.250 0.826 3.62 × 103 8.97 × 10−10 17.003 17.365
AVB6 4.137 0.845 4.61 × 103 8.98 × 10−10 17.561 18.528
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Figure 11. Behaviour of AVB data (artificial vertebral bodies): FEA-derived stiffness K(F-DLS) vs.
experimentally determined stiffness Kexp. The line of equality is also shown (dashed).

3.3. Artificial Motion Segments

The F-DLS material model agreed well with the experimental dataset, providing
confidence at this stage to progress the analysis to the next higher level, which is the
artificial motion segment (AMS). AMS comprises two vertebrae and the intervertebral
disc (IVD) between them. No further tests were conducted with the FLC model, due to its
relative inaccuracy compared to the F-DLS model. At this point, we concentrate on the
actual force/displacement curve produced in tests and in silico.

The reaction forces recorded for the AMS analogue are compared to the corresponding
FEA model tested using the F-DLC material model in Figure 12. An AMS comprises two
3DP vertebrae of ABS and a rubberlike artificial IVD. The non-linear properties of the IVD
part of the manufactured physical model only allow for the coincidence of test results and
model predictions over a range of displacements, which can only be tuned by the researcher
within a range, as shown here for displacements above 1.3 mm. We cannot elaborate any
further on the suitability of the two-part liquid polyurethane rubber system (PT Flex 85,
Polytek, Easton, PA, USA) we used here, for producing a more biofidelic intervertebral disc.
The solution we used was tuned for the right Shore hardness for the physical model and
a modulus of 2.5 MPa for the in silico one. Of course, there are other physical properties
and the very linearity of the curve that must be accurately matched to the IVD material.
This is beyond the scope of this paper. It is very likely that with the new technological
advancements in 3D printers, which can inject a variety of softer polymers, an artificial IVD
can be produced that possesses more biofidelic properties and a composite hierarchical
organisation and microstructure.
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Figure 12. Behaviour of the AMS data: comparison of experimental (red) and computational
force/displacement data (blue). (Experimental error bars were on average ±5% for load and 8%
for displacement) The computational and experimental results agreed closely (NS difference) for
displacements of 1.3 mm and above. The experimental data contain the non-linear nature of the
artificial IVD material and other real-world phenomena, such as contact effects with the platens
where there are asperities, and these show as an increase in stiffness as the load increases. The
computational data of course has no such end contact effects, as all loading scenarios are idealised
in silico.

The IVD properties played a greater role in determining the overall stiffness response
of the motion segment than expected, both for cadaveric and analogue samples, as sug-
gested in earlier reports [35]. This is because vertebral bodies are orders of magnitude
stiffer than the IVDs and associated soft-tissue ligaments, leading the IVDs to deform
more readily and fail earlier under compressive loading than the vertebral bodies. This
highlights a greater need for accurate IVD and soft tissue replication in analogues and the
models based on them. When generating the AMS finite element model, the IVD and facet
ligaments were created using the faded disc boundary, which may have overestimated
or underestimated the motion segment stiffness, depending on how the soft tissue was
reconstructed, leading to the differences in observed stiffness.

Overall, the results of this study indicate that with a careful, staged and multiscale
approach where one gradually increases the degree of complexity, good agreement between
the physical and in silico model can be achieved. This promises to deliver both physical
and in silico models which mimic real musculoskeletal structures well, and this offers a
range of opportunities for scientists, practitioners and manufacturers in terms of implant
design and applications.

4. Discussion
The present paper works around the research hypothesis that a multiscale modelling

approach, which integrates high-resolution imaging data (such as CT/MRI), optimised
thresholding techniques, and additive manufacturing, can produce biofidelic physical
and computational models of skeletal structures (e.g., porcine vertebrae) that accurately
replicate both morphological and mechanical properties, enabling reliable use in clinical and
biomechanical applications [1–6]. The outcomes of this approach can be used in pre-surgical
planning and simulation; biomechanical testing for research; medical education, allowing
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for hands-on approach methods [3–5]; medicolegal reconstruction (forensic biomechanics
cases [7,8]) and the design and development of implants and surgical tools [2,3,5].

The present paper describes a clinical problem that is centred around the challenges
of accurately replicating human (or animal) anatomical structures and biomechanical
behaviour, using both computational (FEA) and physical (AM) models for clinical and
research purposes. The challenges arise from the inherent limitations of both these two
methodologies (FEA and AM) in imaging resolution, modelling complexity and material
fidelity. More specifically, our study reinforced and added to the well-known challenges
which mainly have to do with (i) computational models (in silico) that are too complex
and/or idealised; (ii) real world biological variability and mechanical behaviours that
are hard to replicate; (iii) imaging quality (CT/MRI resolution and thresholding) which
can significantly influence model accuracy; and (iv) soft tissue modelling, especially for
the complex spinal components we examined here, which are limited by material and
manufacturing constraints [2,6,10,13,23,35].

In applying our two-modalities (FEA/AM) methodology on a spine section as an
example, we reaffirmed that biological tissues are hierarchically complex and the attempts
of modelling them (physically and computationally) are challenging at multiple length
scales [15,16,19–21]. For spine segments, in particular, we saw that the intervertebral discs
(IVDs) are difficult to model, which is consistent with known gaps in spinal biomechanics
research. We could also clearly see that the well-known trade-off between radiation dosage
and CT imaging resolution is a problem which is here now and must be addressed in the
future. However, the arrival of new high-resolution in vivo scanners (achieving 300 micron
in vivo) allow for the same scan data to be used for both FEA modelling and 3DP. A recent
paper from our lab demonstrated the production of FEA models from such modern clinical
scanners and the computational fidelity that can be expected in such applications [36].
In carrying out the present study, it was clear to us that there are existing gaps and chal-
lenges in the literature and acquired biomechanical knowledge due to the lack of standard
frameworks for validation, verification, and sensitivity analysis (a recuring problem in
biomechanical modelling research), and in particular, there are challenges in accurate
soft tissue segmentation and reproduction, which is known to influence biomechanical
simulation accuracy [11–14].

The present paper examined the behaviour of the spine motion segment in a hierar-
chical approach. The 3DP samples were produced, tested, and modelled at the material
sample level (cores) at the vertebral body level, IVD level and at the analogue motion
segment level. Validation took place first on the components and was then scaled up to
a motion segment that combines all. Only one complete motion segment was modelled,
and that may be seen as a limitation, but the subcomponents were created after scanning
a larger number of vertebral samples as examples and testing multiple of the lower scale
level components. The rationale was to establish the biofidelic accuracy of the 3DP process
up and down the length scales, because the complexity exists in the subcomponents and
their modelling, rather than in the testing of a whole analogue motion segment. We believe
that the trade-off paid off, as the final complete AMS behaved very similarly to the in silico
model. This was only possible through fine-tuning the lower length scale parts.

The creation of physical models of natural tissue structures by 3D printing and their
computational equivalents are fraught with challenges at each length scale, because natural
structures are hierarchically built and architecturally very complex. We have shown that
it is possible to produce biofidelic spine motion segments in both analogue and digital
(in silico) forms. There is still some distance to cover with regard to modelling spinal
motion segments, particularly the intervertebral discs. There are two important aspects in
producing physical analogues, the material level properties (IVD is an example in question)
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and the length scale issues in scanning and 3D printing. The scanning equipment in
this study uses a higher resolution than the current clinical CT scans, and to achieve this
resolution in practice would require the exposure of patients to higher levels of radiation
than is currently advisable. There is promising new research into CT dose reduction,
which theoretically allows for the retrieval of much higher spatial resolutions in vivo
without harm to patients [37]. The lack of a clear framework for validation, verification and
sensitivity analysis [38] makes the case for a real need for further studies into the definition
of accurate replicas in conjunction with FEA models and in paying particular attention to
the segmentation of soft tissues in the spine, because this has shown to have a substantial
effect on the biomechanical response of the analogues.

The creation of an accurate analogue means that tests involving many different
procedures and devices will become more compatible and feasible due to the lack of
intra-specimen variability and biohazard risks, thus making rapid prototyping ultimately
an attractive alternative for in vitro spine biomechanical testing. Moreover, in cases
where the biomechanical response of the spine is of paramount importance, the synthetic
spine and its associated methods presented here have been shown to exhibit a reliable
force/displacement response in compression loading at least. At this point, it must be
mentioned that a further limitation of the present application was that the finer dimension
of the trabecular elements of the artificial vertebral bodies were cruder (thicker) than the
actual scanned trabeculae. This was a manufacturing limitation, in this instance, resulting
in higher BV/TV ~0.8 values to the scanned bone samples in order to achieve the same
loading response. In this respect, the current model remains a geometric approximation,
rather than a functional biological analogue, necessitating further experimental validation
and design to address bone-like physiological structures and loading conditions.

5. Conclusions
In conclusion, our present study has shown that it is practically feasible to produce

near-biofidelic spine motion segments in two forms (modelling and physical), offering a
more holistic approach for future work in the field. This fact advocates for greater use
of synthetic models as a valid alternative for in vitro testing, because they offer standard-
isation, reproducibility and safety (no biohazard risks). For the design and production
of bespoke and patient specific implants [39], the study supports the notion that rapid
prototyping can be used to produce analogues for testing medical devices and surgical
procedures, thus reducing the need for cadaveric and animal models. On clinical transla-
tion, it offers an example of a pathway which can integrate technologies such as computing
and clinical scanning [2,5,6,23], which, with advances in radiation dose reduction and
increasing resolution, will offer new avenues for applications.
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3DP 3D printing
ABS acrylonitrile butadiene styrene
AM additive manufacturing
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AVC artificial vertebral cores
AVB artificial vertebral body
BV/TV bone volume/tissue volume
DA degree of anisotropy
FDM fused deposition modelling
IVD intervertebral disc
LTC cores with longitudinal and transverse pores artificially designed
FLC FE model cores of idealised/artificially designed porosity architecture
F-DLS FE model cores with internal trabecular architecture from scans
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