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Abstract

Experimental characterisation of ex vivo specimens is limited by specimen availability
and high costs, whereas 3D printing provides a cost-effective alternative for producing
multiple replicas. This study aimed to develop a methodology for evaluating the individ-
ual and combined effects of material composition and geometry on the biomechanical
performance of 3D-printed vertebrae. CT scans of healthy human vertebrae and with lytic
metastases were segmented to fabricate synthetic models through Digital Anatomy Print-
ing. Three types of 3D-printed models were produced: Healthy vertebrae, Metastatic ver-
tebrae, and Healed vertebrae (metastatic geometry filled with healthy material). All mod-
els were tested under axial compression to measure the strength, stiffness, and strain. Re-
peatability across replicas was assessed as well as comparison of mechanical properties
among the different vertebral types. Results showed excellent repeatability, with coeffi-
cients of variation below 5% for strength and stiffness-related parameters. The Metastatic
models exhibited significant reductions in strength compared to Healthy ones, while stiff-
ness remained similar, consistent with ex vivo data trends. Healed models highlighted
the role of material composition in driving mechanical behaviour, independently of ge-
ometry. This work provides the first quantitative assessment of 3D-printed vertebrae with
metastatic lesions, supporting their future potential as standardised alternatives to cadav-
eric testing.

Keywords: 3D printing; vertebrae; metastasis; experimental test; digital anatomy printing

1. Introduction

The spine is among the most frequent sites of bone metastases (87%) [1]. These lesions
are typically found in the thoracic (60-80%) and lumbar spine (15-30%) [2,3], and are pre-
dominantly located in the vertebral bodies rather than in the posterior elements [4]. Lytic
metastasis is associated with the highest risk of vertebral fracture [4-8], as it affects the
microarchitecture of the bone by locally reducing the bone mineral density [1,9-12].

The effects of the metastases on the biomechanics of the vertebrae have been investi-
gated using both experimental [5-7,13] and computational studies [4,14,15]. Ex vivo ex-
perimental testing allows for direct measurement of apparent properties (e.g., stiffness,
strength) and local properties (e.g., surface or volumetric strains). However, it faces

J. Manuf. Mater. Process. 2025, 9, 373

https://doi.org/10.3390/jmmp9110373



J. Manuf. Mater. Process. 2025, 9, 373

2 of 15

challenges such as limited availability of human specimens, high costs, intra-specimen
variability, and a trade-off between time-consuming procedures and tissue deterioration.
Moreover, since destructive tests can only be performed once, the quantification of the
mechanical properties depends on the specific applied scenario (i.e., loading rate, loading
direction, etc.). As a result, these failure-based measures prevent comprehensive charac-
terisation of the mechanical response and may hide some effects [13].

FE models allow for multiple predictions on the same specimen. However, current
modelling challenges in accurately predicting the complex mechanical behaviour of met-
astatic vertebrae restrict their clinical application [14].

Given these challenges, the use of 3D-printed (3DP) synthetic models has emerged
as a promising alternative. Additive manufacturing, or 3D printing, allows for the fabri-
cation of customised models that reflect individual anatomical variability, using patient-
specific medical images [16-18]. This technology allows for the production of large num-
bers of identical replicas at relatively low cost [19,20], thereby facilitating controlled and
repeatable biomechanical testing under a wide spectrum of loading conditions [21,22].
Furthermore, the introduction of multi-material 3D printing allows the fabrication of ob-
jects with a wide range of heterogeneous material properties and functionalities [23], de-
creasing the production time without extra cost for the fabrications of complex morphol-
ogies [24]. Recently, various multi-material additive manufacturing technologies for pol-
ymers have been developed and implemented in different applications, enabling the clin-
ical adoption of patient-specific anatomical models and guides, particularly for surgical
planning and dentistry or maxillofacial procedures, where multi-material contrasts en-
hance visual and tactile realism and support procedural rehearsal [23,25].

Complex structures such as the cortical-like shells with trabecular-like interiors, in-
cluding pathological features like the metastases, can be produced incorporating tailored
materials to enhance both anatomical and mechanical realism [26-28]. Despite this capac-
ity, the 3D printing is adopted in the biomedical field mainly for surgical simulation and
anatomical reconstruction [29,30]. Its potential in biomechanical testing remains only par-
tially explored. There is still a lack of systematic evaluation regarding the mechanical char-
acterisation of these printed models in biomechanical testing contexts.

This study aims to develop a robust methodology for evaluating the individual and
combined effects of material composition and geometry on the biomechanical perfor-
mance of 3DP vertebrae. To achieve this aim, the investigation is organised across two
objectives:

1. Evaluation of the repeatability of mechanical parameters across replicas of the same
vertebra.

2. Assessment of the influence of material composition and geometry on the mechanical
behaviour of the synthetic models emulating healthy, pathological, and treated ver-
tebrae.

2. Materials and Methods
2.1. Clinical Data

Four spines from donors with an history of vertebral metastases were obtained
through an ethically approved donation program (Anatomic Gifts Registry, Hanover,
MD, USA). Five spine segments (Table 1) consisting in one vertebra with lytic metastases
and one adjacent healthy vertebra were prepared. The spine segments were imaged with
a Computed Tomography (CT) (AquilonOne, Toshiba, Japan) following an optimised
bone imaging protocol [6,13] (voltage: 120 kVp, current: 200 mA, slice thickness: 1 mm, in-
plane resolution: around 0.45 mm, matrix size: 512 x 512).
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Table 1. Clinical data of the donors, level of the healthy, and metastatic vertebrae.
ID Donor Primary Tumour Sex Age(yr) BMI(kg/m? Healthy Vertebra Metastatic Vertebra
#1 A Nasopharyngeal M 72 16 T7 T6
#2 B Breast F 82 22 T7 T6
#3 B Breast F 82 22 L3 L4
#4 C Adenocarcinoma F 62 57 T6 T5
#5 D Breast F 55 17 T7 T8

2.2. Segmentation

Each CT scan in 16-bit was imported into Mimics software (version 26.0; Materialise,
Leuven, Belgium) to enable construction of a 3D virtual model. The vertebral bodies and
the metastatic lesions were segmented by the same expert operator (DB) to ensure con-
sistency across all samples. A standardised protocol was followed (Figure 1): firstly, the
bone tissue (cortical and trabecular) was segmented using a semi-automated Hounsfield
Unit (HU) threshold-based approach with a range of 200 to 1780 HU [31,32]. Then, a Re-
gion of Interest (ROI) was defined by isolating the segmented bone tissue of the two cen-
tral adjacent vertebrae, the healthy and the metastatic ones. After that, a 3D region-grow-
ing algorithm was applied to each vertebra included in the ROI, followed by an automatic
hole-filling tool to refine the bone tissue mask.

The metastatic lesion was segmented using the same semi-automated protocol (HU:
-100 + 200). A Boolean operation was applied to avoid overlaps between the bone and
lesion tissue, followed by a visual inspection of each 2D axial slice to verify the accuracy
of this separation. Subsequently, the segmented masks underwent mesh smoothing (5 it-
erations; smoothing factor: 0.4) to eliminate surface artefacts and mesh wrapping (smallest
detail size: 0.5 mm; gap-closing distance: 0.25 mm) to establish a uniform cortical layer of
1-2 mm thick and minimise the risk of stress concentrations.

Healthy
vertebra

Cranial

\

vertebra C?

Metastatic {

Figure 1. CT-based segmentation protocol. From the left, a global bone mask (green) is generated
using a threshold of [200-1780] HU, and the ROI (healthy and metastatic vertebra) is defined. In the
upper row, region growing is applied to extract the healthy vertebra (yellow). In the lower row,
region growing extracts the metastatic vertebra (blue), holes are filled, and the metastasis is addi-
tionally segmented (red). On the right, the final segmentation displays the three components to-
gether.

After the segmentation, the cross-sectional area and volume of each vertebra were
calculated. The cross-sectional area was measured using the CT scans as the minimum
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cross-section area of the vertebra. In the case of metastatic vertebrae, the metastasis was
included.

The volume was calculated for the healthy vertebrae, the metastatic vertebrae (ex-
cluding the volume of the metastasis), and the metastases from the CT scans. The metas-
tasis volume was then expressed as a percentage of the total volume of the vertebral body.
Lastly, the 3D virtual models were exported in Standard Tessellation Language (STL) for-
mat for 3D printing.

2.3. Material Assignment

Material assignment within each vertebra model was managed using GrabCAD Dig-
ital Anatomy Creator (DAC) 1.73 software (Stratasys, Eden Prairie, MN, USA), which en-
ables voxel-level control over material distribution to mimic the heterogeneous architec-
ture of biological tissues [33].

Two material blends were selected to emulate the mechanical behaviour and struc-
tural composition of the vertebrae and metastases: MatBone (preset Dense Vertebra, DAC,
Stratasys), designed to emulate the bone tissue, and MatMet (preset Highly Contractible,
DAC, Stratasys), intended to emulate the lytic lesions (Figure 2). MatBone was recom-
mended by the manufacturer for bone-mimicking applications. The preset provides a
dense outer shell and a more porous inner structure, analogous to the cortical and trabec-
ular regions, respectively. Specifically, MatBone had a layered structure consisting of:

A. Anouter layer (0.35 mm) made entirely of BoneMatrix (BM), an elastoplastic polymer
with a Young’s modulus of around 250 MPa [28]. This layer provides shape memory
and elastic recovery properties.

B. A transitional layer (1.65 mm) made from a blend of 90% BM and 10% of VeroClear
(VC) (Young’'s modulus = 500 MPa) [28].

C. An inner porous layer composed of VC combined with a wax-support material
(SUP706) (Young's modulus = 200 MPa), designed to emulate the architecture of tra-
becular bone.

B [ Bone Matrix (BM) - [ Tissue Matrix (TM)
[ Vero Clear (VC) [] Agilus30Clear (AC30)
[] Support (SUP706)

Figure 2. On the left: material blend MatBone, with layers A (outer layer), B (transitional layer), C
(inner layer), in which blue represents BM, purple VC and yellow SUP706. On the right: material
blend MatMet, in which red represents TM and yellow AC30.

MatMet was chosen for printing the metastatic tissue due to its lower-stiffness and
elastoplastic behaviour (Young’s Modulus = 0.3 MPa) [28,34] typical of the lytic metastases
[35,36]. MatMet featured a gyroid infill pattern, a type of triply periodic minimal surface
(TPMS) lattice structure, composed of a 1:1 blend of TissueMatrix (TM), a soft-gel and
highly deformable elastomer (Shore 00 = 30), and Agilus30Clear (AC30) [28].
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2.4. 3DP Models

All the 3DP vertebra models were fabricated using a Stratasys J850 Digital Anatomy
Printer (Stratasys, Eden Prairie, MN, USA), a multi-material jetting 3D printing system
based on Poly]Jet technology [26]. Each STL model was digitally sliced into thin layers
(0.014 mm) in which the printer selectively deposits microscopic droplets of photopoly-
mer material, either single resin or blend. Following deposition, each layer was immedi-
ately cured by ultraviolet (UV) light exposure, and the build platform was incrementally
lowered to enable sequential layer-by-layer construction [37].

Three types of 3DP vertebral models were fabricated (Figure 3):

e  Healthy vertebrae, which had the geometry of the healthy vertebrae and were
printed entirely with MatBone.

e  Metastatic vertebrae, which had the geometry of the metastatic vertebrae and were
printed using MatBone for the bone structure and MatMet for the metastatic lesions.

e  Healed vertebrae, which had the same geometry as the metastatic models, but they
were made exclusively of MatBone, thereby replacing the material used for the met-
astatic tissue with the material used for the healthy tissue.

| Segmentation | | 3D models | 3D Printed models

Metastatic Healed

Metastasis

Healthy

o

Figure 3. Workflow for printing 3D vertebral models. From left to right: coronal CT slice; segmented

masks showing the metastatic vertebra (red), metastasis (yellow), and healthy vertebra (blue); 3D
virtual model of the metastatic vertebra (top) with metastasis inside, and healthy vertebrae (bottom);
corresponding 3DP models, with internal structure highlighted in cross section for the three model
types (Healthy, Metastatic, Healed).

For each vertebra model (Healthy, Metastatic, and Healed), three replicas were
printed resulting in a total of 45 specimens across five distinct spinal segments. In order
to avoid local stress concentrations arising from the contact between the irregular shape
of the vertebral endplates and the loading plates, and to ensure a uniform load-bearing
surface during mechanical testing, all 3DP vertebral models were placed between VC cy-
lindrical pots, which had dimensions of 10 mm in height and 50 mm in diameter (Figure
4). The pots were designed using commercial Computer-Aided Design (CAD) software
(PTC Creo 7.0, PTC Inc., Boston, MA, USA) and featured internal cavities that were pre-
cisely matched to the vertebra endplates geometry to ensure a precise fit. To avoid any
interfacial gaps or misalignments that could impair load transmission, both the vertebrae
and the cylinders were printed as one integrated structure simultaneously. By using this
method, there was perfect continuity between the contact surfaces, which minimised the
risk of stress concentration or interface separation during testing.
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Figure 4. Mechanical test loading protocol: (a) imposed displacement-time curve, (b) load-time

curve for a typical specimen, (c) stress-strain curve for a typical specimen, (d) mechanical setup.

2.5. Mechanical Testing Protocol and Metrics

Each 3DP vertebra was tested under axial compression. A uniaxial servo-hydraulic
testing machine (Instron 8500 controller, Instron, Buckinghamshire, UK), equipped with
a 100 kN load cell and a custom loading setup comprising two parallel flat plates, was
used (Figure 4). The mechanical testing protocol consisted of a displacement-controlled
trapezoidal load ramp: involving a 3 mm displacement applied at a rate of 0.3 mm/s, fol-
lowed by a holding phase of 1's, and an unloading ramp at 0.3 mm/s (Figure 4). This load-
hold-unload profile was chosen to assess elastic and viscoelastic response characteristics
of the printed models. For each 3DP model, force and displacement signals were acquired
using a multichannel data acquisition system (PXIe, National Instruments, Austin, TX,
USA). Signals were acquired at a frequency of 100 Hz and filtered using a 50-point moving
average to minimise high-frequency noise. To isolate the mechanical response of the ver-
tebral body, the displacement was corrected by subtracting the initial offset and the con-
tribution of the supporting cylindrical pots. For each pot was estimated the height reduc-
tion associated to the compression, using the following formula:

F X h
TExA4
where A is the displacement of the pot, F is the applied force, & is the height of the pot, E
is the Young’s Modulus of the VC (Young’s Modulus = 1500 MPa), and A is the cross-
section of the cylindrical pot.
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The height reduction of the two cylinders was subtracted from the measured test
displacement. Finally, the corrected displacement was used to calculate the mechanical
properties of the vertebrae.

Based on force-displacement data, four apparent properties were computed: maxi-
mum force (Fmax), maximum stress (Omax), maximum strain (eémax), and Young’s modulus
(E). Stress (0) was calculated by dividing the applied force by the minimum cross-sectional
area of the respective vertebra. Strain (¢) was calculated as the displacement divided by
the height of the vertebral body. Young’s modulus (E) was calculated as the slope of the
linear regression between 20% and 80% of the maximum stress on the loading portion of
the stress—strain curve. The range between 20% and 80% of the maximum stress represents
the linear elastic region of the stress—strain curve, which excludes the initial adjustments
of the testing machine [38].

2.6. Statistical Analysis

To evaluate measurements repeatability among the three replicas of the same verte-
bra, the coefficient of variation (CV%) was calculated, for each parameter, as follows:

Standard deviation

0, = X
CV (%) = 100 o

A CV below 5% was considered indicative of good repeatability [39].

Subsequently, data normality and homogeneity of variance were assessed using the
Shapiro-Wilk test and Levene’s test, respectively. Based on these results, non-parametric
tests were used for Fmax, Omax, and emax, while parametric tests were applied for E. Compar-
isons between the different types of vertebrae were performed, accordingly:

e  To evaluate the material effect, Metastatic vs. Healed types were compared. The two
groups were treated as paired, as both models were obtained from the same verte-
brae but printed them in different ways. Therefore, the Wilcoxon signed-rank test
was applied to Fmax, Omax, and emax, while paired t-test was applied to E.

e To evaluate the geometry effect, Healthy vs. Healed types were compared. The two
groups were treated as independent since they are based on different vertebrae,
therefore, the Mann-Whitney U test was used to Fmax, Omax, and emax, while an inde-
pendent t-test was applied to E.

e To evaluate the combined effect of material and geometry, Healthy vs. Metastatic
types were compared. They were considered independent, hence the Mann-Whitney
U test was used to Fmax, Omax, and emax, while an independent t-test was applied to E.

All statistical analyses were performed in Matlab (MATLAB R2022a, The MathWorks
Inc., Natick, MA, USA) with a level of significance of 0.05.

3. Results
3.1. Geometrical Parameters

The volume of the Healthy vertebrae ranged from 11,645 mm?to 25,810 mm? (Table
2). In comparison, Metastatic vertebrae showed smaller volumes, ranging from 10,059
mm? to 23,185 mm?3, except for specimen #5 in which the Metastatic vertebra had a slightly
larger volume than the healthy one (13,980 mm? vs. 13,970 mm?). Healed vertebrae exhib-
ited volumes ranging from 10,585 mm? to 26,991 mm?, exceeding those of Healthy verte-
brae in specimens #3 and #5.

The size of lytic metastases ranged from 526 mm? to 3806 mm?, corresponding to 4.9%
to 14.1% of the total volume of the vertebral body. All lesions were focal and localised in
the vertebral body, with no clear prevalence of a particular position observed across spec-
imens.
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The minimum cross-sectional area of the vertebrae followed a similar trend: healthy
vertebrae ranged from 532 mm? to 848 mm?, while Metastatic vertebrae, and consequently
also Healed vertebrae ranged from 486 mm? to 828 mm?. Similarly, in specimen #5, the

Metastatic vertebra showed a larger area (623 mm?) than the corresponding Healthy one
(598 mm?).

Table 2. Geometrical parameters of each vertebra in each segment: minimum cross-sectional area,

volume, and percentage of metastatic lesion in the vertebral body (VB).

Minimum Cross-Sectional Area Volume of the Vertebra Volume of the Metastasis (mm3)

ID Typologies (mm?) (mm’) (VB%)
Healthy 532 11,645 -

#1 Metastatic 486 10,059 526 (4.9)
Healed 486 10,585 -
Healthy 570 12,363 -

#2 Metastatic 493 10,481 737 (6.6)
Healed 493 11,218 -
Healthy 848 25,810 -

#3 Metastatic 828 23,185 3806 (14.1)
Healed 828 26,991 -
Healthy 606 14,323 -

#4 Metastatic 524 10,280 696 (6.3)
Healed 524 10,976 -
Healthy 598 13,970 -

#5 Metastatic 623 13,980 912 (6.1)
Healed 623 14,892 -

3.2. Repeatability of Mechanical Parameters on Vertebrae Replicas

All four biomechanical parameters (Fmax, Omax, €max, and E) were evaluated for all speci-
mens across the three vertebral types (Healthy, Metastatic, Healed) (Figure 5 and Table 3).
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Figure 5. Distribution of maximum force (Fmax), maximum stress (Omax), maximum strain (&€max) and

Young’s modulus (E) across the three vertebral typologies: Healthy (blue), Metastatic (red), and
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Healed (green). The data are represented as box plots, where the red line indicates the median, the
black cross denotes the mean, and circles identify outliers, defined as values beyond 1.5 times the
interquartile range (IQR). Whiskers extend to the most extreme data points within this range. Each
type includes n = 15 specimens. Statistical significance levels are indicated as follows: * p <0.05, ** p
<0.01, ** p <0.001.

Regarding Fmax, the Healthy type showed a median value of approximately 17.4 kN,
with a distribution ranging 14.8 kN to 19.7 kN, the Metastatic specimens a median of 15
kN with a range 13.4 to 17.2 kN, the Healed specimens a median of 19.5 kN with a range
15.5 kN to 24.3 kN.

For omax, the Healthy specimens displayed a median value of approximately 28.0 MPa
with a range 23.2 to 31.4 MPa, the Metastatic specimens a median of 26.5 MPa with a range
20.1 MPa to 31.2 MPa, the Healed type had a median value of 33.5 MPa with a range 29.3
MPa to 37.9 MPa).

emax values were relatively consistent across the three typologies, with only minor
variations in both median and range. The median strain value observed for the Healthy
type was 0.12, for the Metastatic type 0.13, and for the Healed type 0.12.

E for the Healthy type showed a median of 1259 MPa and ranged from 626 to 1259
MPa, for Metastatic type the median was 1294 MPa and ranged 561 to 1294 MPa and for
Healed type the median was 1400 MPa and ranged 595 to 1400 MPa.

Table 3. Median values and range for each biomechanical parameter, calculated across replicas for

each spine segment and typology (Healthy, Metastatic, Healed).

ID Fmax (KN) Omax (MPa) Emax E (MPa)

#1 15.2 (13.7-16.2) 28.7 (25.8-30.5) 0.14 (0.14-0.14) 1259 (1006-1499)
E‘ #2 14.8 (14.6-15.0) 26.1 (25.6-26.3) 0.12 (0.10-0.14) 655 (643-664)
T #3 197(196-197)  232(232-233)  010(0.09-0.11) 626 (626-627)
T 4 187(182-195)  30.8(30.1-32.2)  0.15(0.14-0.16) 708 (537-742)

#5  18.8(18.5-189) 31.4(30.9-31.6)  0.11(0.10-0.12) 906 (871-908)
L 41 152(150-154) 312(30.8-317)  0.12(0.12-0.13) 1294 (1258-1323)
T g 137(137-138) 27.8(27.7-280)  0.12(0.10-0.13) 699 (695-706)
2 #3  167(166-170) 201(20.0-20.5)  0.09 (0.08-0.11) 561 (546-568)
% #4 13.4 (13.1-13.7) 25.6 (25.0-26.1) 0.14 (0.14-0.17) 572 (549-584)

#5 17.2 (16.9-18.0) 27.6 (27.2-28.9) 0.12 (0.11-0.14) 661 (658-695)

#1  185(17.9-189) 37.9(36.8-38.9)  0.12(0.12-0.13) 1400 (1328-1499)
T #2 17.6(172-17.6) 357 (349-35.8)  0.13(0.09-0.14) 942 (933-941)
'S #3  243(238-244) 29.3(28.8-29.5)  0.10(0.10-0.11) 803 (791-807)
T 4  155(153-159) 29.5(29.2-30.4) 0.17(0.16-0.17) 595 (589-620)

#5  21.8(21.5-220) 350 (34.6-354)  0.13(0.12-0.14) 893 (873-900)

Across the five healthy vertebrae, Fmax and omax exhibited CV between replicas con-
sistently below 5% (Table 4), except for specimen #1, which showed a CV of 8.4%. emax
showed slightly more variability, with CVs ranging from 1.2% to 19.0%. The highest value
was observed in specimen #2. E values ranged from 0.1% to 16.5%, with specimens #1 and
#4 exceeding the 5% threshold. Among the metastatic vertebrae, Fmax and omax exhibited
low variation, with CV values between 0.6% and 3.2%. While emax showed greater varia-
bility, ranging from 0.6% to 15.4%. In contrast, E exhibited excellent repeatability, with all
values remaining below 3%. Healed vertebrae followed a similar trend to the metastatic
vertebrae: Fmax and omax presented CV values below 2.7%, while emax exhibited increased
variability. In particular, specimen #2 reached a CV of 23.3%, the highest across all
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typologies. E values were below 3% in all specimens, except for specimen #1, which had
a CV of 7.2%.

Overall, all three types demonstrated excellent repeatability in strength-related met-
rics (Fmax and omax) and stiffness. Strain measures, instead, showed lower consistency.

Table 4. Coefficient of variation (CV%) for each biomechanical parameter, calculated across replicas
for each spine segment and typology (Healthy, Metastatic, Healed). Bold values indicate values

above 5%.

ID Finax Oimax Emax E
#1 8.4% 8.4% 1.2% 14.6%
= #2 1.4% 1.4% 19.0% 1.5%
*é #3 0.2% 0.2% 5.7% 0.1%
T #4 3.5% 3.5% 7.0% 16.5%
#5 1.1% 1.1% 6.0% 2.5%
. #1 1.5% 1.5% 0.6% 2.3%
E= #2 0.6% 0.6% 10.9% 1.0%
E #3 1.3% 1.3% 15.4% 2.0%
g #4 2.1% 2.1% 9.7% 2.9%
#5 3.2% 3.2% 9.4% 2.8%
#1 2.7% 2.7% 0.9% 7.2%
b #2 1.3% 1.3% 23.3% 0.6%
G #3 1.3% 1.3% 3.0% 1.0%
e t4 2.0% 2.0% 3.5% 2.7%
#5 1.1% 1.1% 6.0% 1.3%

3.3. Influence of Material Composition and Geometry on the Mechanical Behaviour

Pairwise statistical analyses showed significant differences among the 3DP vertebrae
types for most parameters (Figure 5).

The Metastatic type showed a 17% reduction of the Fmax (Mann-Whitney U test, p <
0.01) with respect to Healthy type and a 19% reduction (Wilcoxon test, p < 0.001) with
respect to the Healed type. No significant difference was observed between Healthy and
Healed types (Mann-Whitney U test, p = 0.16).

The Metastatic specimens showed a 23% reduction of the omax (Wilcoxon test, p <0.001)
compared to the Healed type. While the Healthy type showed a 20% reduction of the omax
(Mann-Whitney U test, p < 0.01) with respect to the Healed type. No significant difference
was found between Metastatic and Healthy types (Mann-Whitney U test, p = 0.40).

The Metastatic type showed a 8% reduction of the emax (Wilcoxon test, p < 0.05) com-
pared to the Healed type. No statistically significant differences were detected between
Healthy and Metastatic types (Mann-Whitney U test, p = 0.80) or between Healthy and
Healed types (Mann-Whitney U test, p = 0.67).

Finally, the Metastatic type showed a reduction of 34% of the E (paired ¢ test, p <
0.001) with respect to the Healed type. Conversely, no statistical differences were found
between Healthy and Healed types (independent ¢-test, p = 0.21) or between Healthy and
Metastatic types (independent t-test, p = 0.60).

4. Discussion

This study aimed to create a reliable method for assessing the biomechanical perfor-
mance of 3DP vertebrae models. The objectives were to: (1) determine the repeatability of
mechanical parameters among vertebra replicas, and (2) examine how material composi-
tion and geometry influence the mechanical behaviour of various vertebrae.
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A total of forty-five vertebrae, emulating Healthy, Metastatic, and Healed conditions,
were reconstructed from CT scans, 3D-printed, and mechanically tested.

Our findings demonstrate that 3DP models comply with the mechanical trends ob-
served in human vertebrae, supporting their use in future biomechanical investigations,
either as a complement to or an alternative to ex vivo testing. Indeed, the repeatability
analysis confirmed excellent consistency in strength-related metrics (Fmax and omax) and
stiffness across replicas, with CV values below the 5% threshold (Table 4) [39]. This low
variability confirmed good manufacturing repeatability, ensuring identical geometry and
controlled materials. This enables multiple destructive tests on replicas of the same verte-
bra geometry, which is not otherwise feasible with ex vivo specimens [13,40]. On the other
hand, higher variability was observed for strain measurements (emax), which can be at-
tributed to the material viscoelastic behaviour and the lack of preconditioning before test-
ing.

The comparative analysis among the vertebral types revealed clear trends: the meta-
static models exhibited significant reductions in the maximum force compared to the
healthy ones, while their Young’s modulus remained similar (Figure 5). This trend is con-
sistent with ex vivo studies, where lytic metastases reduce vertebral strength while having
a limited effect on the global stiffness [6].

In general, the strength and the elastic properties of 3DP models were higher in ab-
solute terms than those reported for human vertebrae in the literature. This difference
could be expected due to the elastoplastic behaviour and the homogeneous nature of the
used polymeric materials, which lack the viscoelastic behaviour and trabecular micro-
structure typical of real bone tissue. In the healthy models, the median Fmax reached 19.5
kN (range: 15.5-24.3 kN), compared to 2.2 + 0.9 kN reported by [5] and 6.2 + 3.0 kN pre-
dicted by [41]. In the same way, the Metastatic models (median: 15.2 kN; range: 13.4-17.2
kN) exceeded ex vivo measurements (1.4 + 0.7 kN [5], 1.2 £ 0.9 kN [7], 5.8 kN (range: 3.0-
6.2 kN) [15]), and in silico prediction (6.1 + 3.5 kN [41]). In this study, the omax exhibited
trends similar to those of Fmax, but with absolute values higher than those reported in the
literature (Healthy vertebra: 28.0 MPa vs. 7.7 MPa; Metastatic vertebra: 26.5 MPa vs. 4.5
MPa [42]). For emax, the 3DP models exhibited medians of 0.13 in Metastatic types and 0.12
in Healthy ones, compared to 0.008 + 0.005 for metastatic and 0.003 + 0.009 for healthy in
ex vivo human vertebrae [6]. Although the absolute emax values are substantially higher,
the proportional increase in strain from Healthy to Metastatic models nonetheless paral-
lels the trends reported in the literature. In terms of Young’s modulus, the 3DP models
decreased from 626-1259 MPa in the Healthy vertebrae to 561-1294 MPa in the Metastatic
vertebrae, consistent with ex vivo findings: ref. [5] reported 382 + 194 MPa (healthy) versus
250 + 130 MPa (metastatic), and ref. [42] reported 855 + 360 MPa versus 667 + 121 MPa.
The Healed models, which preserve the geometry of the Metastatic vertebra but replace
the metastasis tissue with healthy material, showed significant increases in all biomechan-
ical parameters compared to both Metastatic and Healthy vertebrae (Figure 5), highlight-
ing the role of material properties in determining vertebral mechanical properties. In ad-
dition, the use of "Healed’ models provided an unique opportunity to isolate the effects of
material composition and, due to its identical size, a valuable comparison to the metastatic
condition [13]. This approach overcomes a common limitation in ex vivo studies where
adjacent vertebrae, frequently used as controls, which often differ in bone density, trabec-
ular architecture, and endplate morphology, thereby confounding interpretation exhibit
differing mechanical properties [13]. On the other hand, maximum stress (omax) was sig-
nificantly influenced by the geometry, likely due to its dependence on the minimum cross-
sectional area used in its calculation. Instead, maximum force (Fmax), was conditioned by
both material properties and geometry. This pattern may be explained by the higher load-
bearing capacity and more uniform stress distribution of the rigid polymer used to
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simulate healthy trabecular bone, compared to the softer pathological material emulating
the lytic lesions.

To the best of our knowledge, quantitative assessments of the strength and stiffness
of 3DP vertebrae, particularly in the presence of metastatic lesions, were missing. Previous
works have only focused on the visual and tactile feedback of synthetic models [43,44].

This study has some limitations. First, the available printable materials do not fully
replicate the anisotropy and viscoelasticity of trabecular and cortical bone, nor those of
the metastatic lesions. Although Digital Anatomy Printing allows the reproduction of het-
erogeneous structures with voxel-level control [33], the mechanical properties of the re-
sulting models still differ from those of biological tissues (Figure 5). Second, some varia-
bility may have been introduced during the segmentation phase. Despite the use of a
standardised HU thresholding protocol and the fact that all segmentations were per-
formed by an experienced operator, minor variations in CT slice thickness, threshold se-
lection, or user-dependent operation could lead to subtle geometric deviations. Further-
more, segmentation of bone metastases is challenging due to the lack of a validated pro-
tocol and by the significant overlap of HU values between tumoral tissue and native bone
marrow [15,33]. As highlighted by [45], segmentation remains a critical source of geomet-
ric inaccuracies in medical 3D-printing workflows, particularly when modelling complex
morphologies such as metastatic lesions. Third, mechanical testing was limited to uniaxial
compression. While this setup facilitates direct comparisons across specimens, it does not
reproduce the complex multi-axial loading conditions (e.g., lateral bending or flexion) typ-
ically experienced by the vertebrae [13]. Finally, the study included a relatively small sam-
ple size (n = 5). A power analysis was performed to determine the required sample size.
Assuming that vertebrae with lytic metastases exhibit approximately 50% of the strength
of healthy vertebrae (2500 N [6]), with a variability of 1000 N in healthy vertebrae, a Type
I error rate of 5%, and a Type Il error rate of 20%, a minimum of five specimens per group
was sufficient to detect statistically significant differences. Nevertheless, a larger sample
size is mandatory to assess the inter-specimen variability of the 3DP models.

Future studies should focus on tuning the properties of artificial materials on biolog-
ical ones to better emulate the mechanical behaviour of biological tissue. In addition, ex-
panding mechanical testing to include different loading conditions and incorporating spi-
nal segments with multiple vertebrae, intervertebral discs, and ligaments. This would bet-
ter replicate the complex physiological conditions.

5. Conclusions

In this work, we have quantified for the first time the mechanical properties of syn-
thetic 3DP models of vertebrae. This approach demonstrated excellent repeatability and
confirmed that the mechanical performance of the 3DP models is highly dependent on
material properties. This study provides a unique framework to isolate the effects of met-
astatic lesions in vertebrae. The observed trends mirrored those of human vertebrae, with
Metastatic models showing a reduction in strength compared to healthy ones but a similar
Young’s modulus. This study supports the potential of the 3DP models as a cost-effective
alternative to ex vivo for biomechanical testing, as well as a promising tool for preclinical
evaluation.
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The following abbreviations are used in this manuscript:
3D Three-dimensional

FE Finite Element

CT Computed Tomography

HU Hounsfield Unit

ROIL Region of Interest

STL Standard Tessellation Language
uv Ultraviolet

DAC Digital Anatomy Creator

BM BoneMatrix

vC VeroClear

SUP706  Support
TPMS Triply Periodic Minimal Surface

™ TissueMatrix

AC30 Agilus30Clear

3DP Three-dimensional Printed
CAD Computer-Aided Design
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