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A B S T R A C T   

The present paper describes a novel user-friendly fully-parametric thoraco-lumbar spine CAD model generator 
including the ribcage, based on 22 independent parameters (1 posterior vertebral body height per vertebra + 4 
sagittal alignment parameters, namely pelvic incidence, sacral slope, L1-L5 lumbar lordosis, and T1-T12 thoracic 
kyphosis). Reliable third-order polynomial regression equations were implemented in Solidworks to analytically 
calculate 56 morphological dependent parameters and to automatically generate the spine CAD model based on 
primitive geometrical features. A standard spine CAD model, representing the case-study of an average healthy 
adult, was then created and positively assessed in terms of spinal anatomy, ribcage morphology, and sagittal 
profile. 

The immediate translation from CAD to FEM for relevant biomechanical analyses was successfully demon
strated, first, importing the CAD model into Abaqus, and then, iteratively calibrating the constitutive parameters 
of one lumbar and three thoracic FSUs, with particular interest on the hyperelastic material properties of the IVD, 
and the spinal and costo-vertebral ligaments. 

The credibility of the resulting lumbo-sacral and thoracic spine FEM with/without ribcage were assessed and 
validated throughout comparison with extensive in vitro and in vivo data both in terms of kinematics (range of 
motion) and dynamics (intradiscal pressure) either collected under pure bending moments and complex loading 
conditions (bending moments + axial compressive force).   

1. Introduction 

Spine models are a valuable tool to better elucidate the basic 
biomechanics underlying specific patho-physiological mechanism, as 
well as to support the clinical/surgical decision-making process. 

Depending on the specific research objectives, a variety of modelling 
approaches could be justified and adopted. For instance, any spine 
expert should decide for one among alternative options: patient- vs. 
cohort- vs. population-specific approach, anatomical fidelity vs. 
simplified geometrical features, few vs. many functional spinal units 
(FSUs), inclusion of the anterior column (i.e. vertebrae, intervertebral 
disc) vs. anterior + posterior (lamina, facet joints, spinal processes) 
columns, inclusion of osteo-ligamentous passive vs. active muscular 
structures, linear vs. non-linear mechanical properties, homo- vs. 
hetero-geneous material properties, simplified (i.e. pure bending 

moment) vs. complex (follower load + bending moment) vs. realistic 
(muscle forces + gravity loads) loadings. 

Many researchers have developed and validated excellent spine 
models often focusing on a limited spine segment including few FSUs 
(typically L1-S1), broadly respecting spine anatomy, assuming hetero
geneous non-linear material properties, and they performed reasonable 
predictions under simplified and complex loadings either predicting 
kinematics, dynamics and the specific stress/strain on a given spinal 
structure (Dreischarf et al., 2014, ElBojairami et al., 2020, Schmidt 
et al., 2012, Ottardi et al., 2016, Rohlmann et al., 2009). A completely 
different approach consists in developing musculoskeletal multi-body 
models of the thoraco-lumbar spine (typically T1-S1), sometimes 
including the ribcage, where bony parts are assumed as rigid bodies, the 
intervertebral disc (IVD) is reduced to a joint with limited degrees-of- 
freedom, and the posterior column is neglected (Ignasiak et al., 2016, 
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Bruno et al., 2015). Such an approach allows describing the complex 
muscular activation pattern, but it only provides generalized insights on 
spine kinematics and dynamics. 

Current research is pushing to extend the validity of the results 
achieved using individualized spine models. In several cases, it is un
clear whether the model takes inspiration from one specific subject, or it 
features average morphological characteristics to make it representative 
of one specific cohort, or maybe, an entire population. 

Several pipelines have been proposed to generate spine models based 
on reconstruction of clinical images, or based on statistical approaches 
(i.e. principal component analysis), but they are time consuming, 
computationally expensive, and limited by the availability of extensive, 
reliable and complete clinical databases (Wang et al., 2016, Park et al., 
2017, Lavecchia et al., 2018, Laville et al., 2009, Bassani et al., 2017). 
Parametric spine modelling is an alternative option requiring limited 
clinical information, allowing to quickly generate spine models easily 
scalable to create a wide range of in silico virtual cohorts with controlled 
features (Nikkhoo et al., 2020, Niemeyer et al., 2012, Bashkuev et al., 
2018, Lavaste et al., 1992; Maurel et al., 1997). 

Niemeyer et al. (2012) and Bashkuev et al. (2018) proposed two 
similar finite element model generators requiring 40 inputs to generate a 
single lumbar (i.e. L4-L5 FSU, including 17 parameters for vertebra plus 
additional 6 for intervertebral region and spinal processes). Lavaste 
et al. (1992) required instead 6 inputs parameters per vertebra, to be 
identified on antero-posterior and lateral X-ray clinical images. 
Recently, Nikkhoo et al. (2020) proposed a parametric lumbar spine 
model based on few parameters (5 for VB, 6 for FJs, 4 for the posterior 
spinous process, 2 for the lateral spinous process and 4 for foramen and 
lamina), however, it only focused on the lumbar spine segment (i.e. L1- 
S1) and assumed mechanical properties from literature. 

Despite several authors generated thoracolumbar spine models with/ 
without the ribcage based on reconstructed clinical images, no purely 
parametric geometric spine model of the entire thoracic segment alone, 
nor including the ribcage is available to date. Some study proposed a 
parametric ribcage geometric model accounting for variations among 
the adult population based on statistical analyses and linear regression. 
Wang et al., (2016) mesh morphed a template model on clinical images 
from 101 patients and applied generalized procrustes and principal 
component analysis) to derive ribcage model parameters (Wang et al., 
2016). Holcombe et al., (2016) parametrized the ribs’ shape of 100 
adults only using 6 parameters to approximate each rib with logarithmic 
spirals (Holcombe et al., 2016). 

The present paper aimed at: i) developing a fully-parametric thor
acolumbar spine CAD model generator comprehensive of the ribcage 
based on few independent parameters to describe a variety of sagittal 
profiles; ii) assessing its credibility throughout the comparison of a 
generated standard model representing the case-study of a healthy male 
adult with extensive in vitro and in vivo data both in terms of 
morphology, kinematics and dynamics both collected under simplified 
and complex loading conditions. 

2. Methods 

2.1. Parametric thoraco-lumbar spine CAD model generator 

Regression analyses: fifty-six dependent parameters describing the 
morphological features of each vertebral body (VB), lamina or vertebral 
arch (VA), spinal process, facet joint (FJ), intervertebral disk (IVD), ribs 
and sternum were best-fitted using third-order polynomial analytical 
equations as a function of VBHP (vertebral body posterior height), 
assumed as the only independent parameter for each vertebra (Supple
mentary Material–Table 1). A total of seven dependent parameters were 
used for the anterior column (six for each VB, one for the IVD) (Panjabi 
et al., 1992, Panjabi et al., 1991; Panjabi et al., 1993, Kunkel et al., 
2011), ten for the posterior column (i.e. VA) (Panjabi et al., 1992, 
Panjabi et al., 1991, Abuzayed et al., 2010, Kaur et al., 2016, Shaw et al., 

2015, Cui et al., 2015), eleven for the posterior column (i.e. FJ) both for 
the thoracic and lumbar vertebrae (Panjabi et al.,1993), fourteen for 
each rib, which were described as planar logarithmic spirals, plus three 
for the sternum (Holcombe et al., 2017, Mohr et al., 2007). For each 
spinal level, mean anatomical data for every parameter were taken from 
literature, keeping a consistent definition (Supplementary Material–T
able 1). The coefficient of determination (R2) and the Root Mean Square 
Error (RMSE) quantified the goodness-of-fit for each generated analyt
ical equation. 

Parametric CAD drawing: for each of eighteen vertebrae a corre
sponding part was created in SOLIDWORKS 2021 (SolidWorks Corpo
ration, Waltham, MA, USA), where vertebral morphology was reduced 
to simple primitives features and equations were automatically imple
mented. VBs, pedicles and facets were assumed as extruded ellipses, 
while the lamina and spinal processes through extruded prisms with 
rectangular or elliptical section. Each IVD was extruded on the corre
sponding caudal VB; then divided into annulus fibrosus (AF) and nucleus 
pulposus (NP), whose position and proportion derived from (Kapandji 
et al., 2012). The ribs were drawn using sweep function to extrude an 
elliptical section in the same part of the corresponding vertebra, defining 
a new local plane and assuming a uniform cortical thickness of 0.76 mm 
(Mohr et al., 2007). The sternum, defined as manubrium, body, and 
xiphoid process, was extruded on a local plane originating at the mid- 
point of the second rib, assuming a uniform thickness of 8.1 mm (Xiu 
et al., 2012). The costal cartilage was drawn extruding the elliptical 
section along a three-point arc using loft function which reached seven 
sternal notches (Holcombe et al., 2017). Ligaments were designed 
directly on the resulting assembled CAD model, identifying convenient 
surfaces. 

Sagittal alignment: PI (pelvic incidence), PTH (pelvic thickness), SS 
(sacral slope), L1-S1 LL (lumbar lordosis), and T1-T12 TK (thoracic 
kyphosis) were introduced as additional (independent) sagittal align
ment parameters to assemble each cranial vertebra on top of the cor
responding caudal one and to achieve the final spinal profile. 

2.2. Case study 

Generation of a Standard CAD model: to demonstrate the feasi
bility of creating a quantitatively self-consistent CAD model ready for 
computational analyses, a standard CAD model representing a healthy 
male adult (age 46.3 years, height 167.8 cm, weight 67.8 kg) was 
generated assuming average measurements for each VBHPs (Panjabi 
et al., 1992). Consistent PI, PTH, SS, LL, and TK were set equal to 45.9◦

(Vrtovec et al., 2013), 104.9 mm (Vrtovec et al., 2012), 38◦ (Pesenti 
et al., 2018), 58◦ (Pesenti et al., 2018), and 45◦ (Harrison et al., 2001). A 
percentage distribution of TK and LL at each functional spinal unit was 
assumed (Pesenti et al., 2018; Harrison et al., 2001). The standard CAD 
model was finally generated (Fig. 1). 

Assessment and validation: sagittal alignment parameters of the 
standard CAD model were compared with in vivo clinical data (Vrtovec 
et al., 2013, Vrtovec et al., 2012, Pesenti et al., 2018, Harrison et al., 
2001, Fasser et al., 2021, Bruno et al., 2015). Ribs’ morphology was 
compared in terms of chord and arc lengths as measured ex vivo (Dan
sereau and Stokes, 1988), while sternum position and orientation rela
tive to the thoracic segment were compared with in vivo data (Burgos 
et al., 2021). 

2.3. Case study: Calibration of lumbar and thoracic FSUs FEMs 

To demonstrate the suitability of the standard CAD model to 
generate detailed FE biomechanical models, each part was sequentially 
imported and meshed in Abaqus 2022 (Dassault Systemes, Simulia, 
Johnston, RI, USA). 

Orthotropic linear elastic properties were assigned to the trabecular 
and cortical VB parts, while assuming isotropic linear elastic for VA and 
cartilages (Supplementary Material–Tables 2, 3). Hyperelastic 
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anisotropic Holzapfel-Gasser-Ogden formulation (five parameters: C10, 
D, k1, k2, k) was used for the AF (Eberlein et al., 2011; Gasser et al., 
2006). A local reference system was assumed for each IVD, having a 
radial axis pointing outward the NP, a caudo-cranial axis pointing up
ward, and a coherent orthogonal circumferential axis; two families of 
fibers were inclined of ± 33.8◦ with respect to the horizontal plane 
(Eberlein et al., 2011). First-order hyperelastic isotropic Ogden formu
lation (three parameters: µ, α, D) was used for all ligaments (Martins 
et al., 2006; Bint-E-Siddiq, 2019) (Supplementary Material–Tables 2, 3). 

L4-L5 FSU FEM: a backward stepwise calibration approach ensured 
adequate material property assignment to the lumbar AFs divided in 
quadrants, seven spinal ligaments (namely: ALL, PLL, FL, CL, ISL, SSL, 
ITL), and FJs. Constitutive parameters were iteratively changed until the 
range of motions (RoMs) predicted under pure moments of ± 1, ±2.5, 
±5, ±7.5, ±10 Nm in flexion–extension, lateral bending and axial tor
sion fell within 1 SD (standard deviation, as a measure of dispersion) of 
the in vitro measurements (Heuer et al., 2007). We assumed uniform 
mechanical properties across the thoraco-lumbo-sacral segment (T12- 
S1). 

T2-T3, T6-T7, T10-T11 FSUs FEMs: a backward stepwise calibration 
approach ensured adequate material property assignment to the 
thoracic AFs, seven spinal ligaments, and the FJs based on in vitro RoMs 
measured under pure moments of ± 1, ±2.5 Nm (Wilke et al., 2020) 
applied on the entire thoracic segment. We assumed uniform mechanical 
properties across the thoracic segment (T1-T12). 

T1-T2-R2, T5-T6-R6, T9-T0-R10 FEMs: a backward stepwise cali
bration approach ensured adequate material property assignment to the 
costo-vertebral ligaments (namely RL, ICTL, LCTL, SCTL) based on in 
vitro RoMs measure at ± 0.6 Nm in torsion, caudal/cranial and ventral/ 
dorsal flexion (Lemosse et al., 1998). We assumed uniform mechanical 
properties across three thoracic regions (T1-T4 + R1-R4, T5-T8 + R5- 
R8, and T9-T12 + R9-R12). 

2.4. Case study: Validation of the thoraco-lumbo-sacral FEM 

The remaining lumbar parts were imported and meshed to generate a 
standard thoraco-lumbo-sacral (T12-S1) FEM (Supplementary Materi
al–Tables 2). We assessed the L1-S1 FEM by comparing the RoMs under 

pure moments of ± 7.5 Nm (±5 Nm in axial torsion) with in vitro data 
(Wang et al., 2022, La Barbera et al., 2018), as well as comparing both 
RoMs and intradiscal pressure (IDP) under complex loadings (Follower 
Loads + Moment) with in silico data by 8 FEMs (Dreischarf et al., 2014), 
in vitro (Brinckmann and Grootenboer, 1991), and in vivo data (Wilke 
et al., 2001). As for the T12-L1 FSU, only the RoM was compared with in 
vitro data under pure moments ± 5 Nm (Oxland et al., 1992, Couvertier 
et al., 2017). 

2.5. Case study: Validation of the thoracic FEM with/without rib cage 

The remaining thoracic parts were imported and meshed to generate 
a standard T1-T12 FEM (Supplementary Material–Tables 3). We 
assessed the thoracic FEM with/without the ribcage by comparing the 
RoMs under pure moments of ± 2Nm with in vitro data (Liebsch et al., 
2017). 

3. Results 

3.1. Parametric thoraco-lumbar spine CAD model generator 

Regression analyses: Supplementary Material–Tables 1 collects the 
best-fitted regression coefficients for each dependent parameters and the 
goodness-of-fit for each generated analytical equation. Overall, the 
anterior and posterior columns’ dependent parameters were predicted 
within 0.6 mm and 1.5◦; ribcage and sternum parameters were predicted 
within 0.7 mm and 0.6◦. R2 and RMSE were generally satisfactory 
(Supplementary Material–Table 1). 

Standard CAD model: Fig. 1 collects different views of the gener
ated standard CAD model, with detail of VA, spinal processes, FJs and 
the costo-vertebral junction. 

Assessment and validation: the global sagittal alignment parame
ters of the standard CAD model compared well with in vivo published 
data (Fig. 2.a). Ribs’ chord and arc lengths, as well as sternum position 
and orientation relative to the thoracic spine, were always within 1 SD of 
the ex vivo measurements (Fig. 2.b). 

Fig. 1. Anterior (a) and posterior (b) views of the standard CAD model representative of a healthy male adult (age 46.3 years, height 167.8 cm, weight 67.8 kg) 
generated assuming average values for each independent parameter. Additional views (c, d) show detail of VA, spinal processes, FJs and the costo-vertebral junction 
(for the sake of clarity ligaments are not displayed). 
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3.2. Case study: Calibration of lumbar and thoracic FSUs 

L4-L5 FSU: the calibrated constitutive parameters for IVD, spinal 
ligaments and FJs resulted in satisfactory agreement with in vitro ex
periments under pure moments (Heuer et al., 2007) (Fig. 3, Supple
mentary Material–Fig. 1). 

T2-T3, T6-T7, T10-T11 FSUs: the calibrated constitutive parameters 
for IVDs, spinal ligaments and FJs resulted in satisfactory agreement 
with in vitro data under pure moments (Wilke et al., 2020) (Fig. 4). 

T1-T2-R2, T5-T6-R6, T9-T0-R10: the calibrated constitutive pa
rameters for costal ligaments resulted generally in satisfactory agree
ment with in vitro data (Lemosse et al., 1998), although a more flexible 
data was predicted in torsion and ventral-dorsal flexion for distal FSU 
(Fig. 5.a,b,c). 

3.3. Case study: Validation of the thoraco-lumbo-sacral FEM 

The assessment of the T12-S1 FEM proved accurate in predicting 
local RoMs (Fig. 6.a) and global RoMs (Fig. 6.b) under pure moments by 
comparison with in vitro measurements (Wang et al., 2022, La Barbera 
et al., 2018, Couvertier et al., 2017, Oxland et al., 1992), also providing 
results in agreement with in silico data predicted using other lumbar 

FEMs (Dreischarf et al., 2014). 
The IDP predicted on L4-L5 proved to be sensitive to simple axial 

compressive loads (Fig. 6.c), being consistent with other FEM (Drei
scharf et al., 2014) and well within in vitro measurements (Brinckmann 
and Grootenboer, 1991); even applying complex loadings, the lumbar 
FEM could predict IDPs at multiple levels in good agreement with 
published FEMs (Dreischarf et al., 2014) and in vivo measures (Wilke 
et al., 2001) (Fig. 6.d). Our model could appreciate the increased sta
bility provided by the follower load and a slight increasing trend when 
moving from cranial to caudal FSU. 

3.4. Case study: Validation of the thoracic FEM with/without rib cage 

The T1-T12 FEM predicted RoMs under pure moments was compa
rable with in vitro data (Liebsch et al., 2017), being generally within 1 SD 
(Fig. 7); the thoracic FEM could also appreciate the stiffening effect of 
the ribcage in lateral bending and axial rotation, being less sensitive in 
flexion–extension. 

Fig. 2. a) quantitative and qualitative comparison of the sagittal alignment parameters assumed to generate the standard cad model of a healthy male adult (age 
46.3 years, height 167.8 cm, weight 67.8 kg) with the measurements collected in vivo (Vrtovec et al., 2023, Vrtovec et al., 2012, Pesenti et al., 2018, Harrison et al., 
2001, Fasser et al., 2021, Bruno et al., 2015). b) Ribs’ chord and arc lengths assessed on the standard CAD model by comparison with ex vivo measurements 
(Dansereau and Stokes, 1988). c) Resulting sternum position and orientation relative to the thoracic segment assessed on the standard CAD model by comparison 
with in vivo data (Burgos et al., 2021). 

E. Bellina et al.                                                                                                                                                                                                                                  



Journal of Biomechanics 164 (2024) 111951

5

4. Discussion 

4.1. Parametric thoraco-lumbar spine CAD model generator 

A user-friendly parametric CAD model comprehensive of the 
thoraco-lumbar spine including the ribcage was herein developed. The 
proposed CAD model provides a general description of the spinal 

anatomy based on simplified features, which resulted to be accurate in 
describing vertebral and ribcage morphology (Figs. 1 and 2). 

The automatic generation of any new spinal CAD model only re
quires eighteen independent parameters as input (one VBHP for each 
vertebra from T1 to S1), plus four global sagittal alignment parameters 
(PI, SS, LL, TK). This tool allows the automatic calculation of fifty-six 
dependent parameters, implemented as equations directly in the CAD 

Fig. 3. Comparison of the RoM predicted using L4-L5 FSU FEM model after calibration vs. in vitro measurements at ± 10Nm (Heuer et al., 2007).  

Fig. 4. Comparison of the RoM predicted using thoracic FSUs FEMs after calibration vs. in vitro measurements at ± 1 and ± 2.5 Nm vs. in vitro data (Wilke 
et al., 2020). 
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software and the update of the spine CAD model within few seconds. The 
proposed approach allows the generation of both arbitrary and patient- 
specific spine CAD models, as these few parameters can be easily 
measured on common clinical images. Whenever any input data is 
missing, the user could consider running a sensitivity analysis to study 
the effect of the unknown input parameters, or rely on the equations 
already implemented and based on average literature measurements 
(Supplementary Material–Tables 1). Whenever needed to investigate 
specific aspect not yet included in the presented CAD model, the user 
could anyway flexibly update the equations or modify them as needed. 
Of course, the user should always consider that the implemented 
equations rely on the experimental data used to build them, therefore, 
they may lose their significance when applied in a way different range of 
values. Moreover, as the CAD model is obtained as a complex assembly 
of different geometrical parts and specific constraints in terms of relative 
position and orientation have been implemented to ensure their correct 
positioning, the user may experience a regeneration failure. In this case, 
it may be necessary to perform some troubleshooting, identifying the 
source of error. 

4.2. Case study: Calibration of lumbar and thoracic FSUs 

The parametric CAD model was successfully used to generate stan
dard FEMs of isolated lumbar FSU and three thoracic FSUs for the 
proximal, medial and distal segments, often regarded as homogenous in 
current in silico spine models (La Barbera et al., 2021a,b). This step was 
necessary in order to calibrate the mechanical properties of the soft 
tissues, in particular the IVDs, the spinal and costo-vertebral ligaments 
based on established in vitro measurements (Heuer et al., 2007, Wilke 
et al., 2020, Lemosse et al., 1998), ensuring an accurate description of 
the increased stability provided by the passive osteo-ligamentous 
structures sequentially added to the model. 

4.3. Case study: Validation of the thoraco-lumbo-sacral FEM 

The assessment of the T12-S1 FEM demonstrated that the material 
properties calibrated on L4-L5 could be extended to the entire thoraco- 
lumbar spine model, as kinematics (i.e. RoMs) and dynamics (i.e. IDP) 
could be accurately predicted both applying bending moments alone 
and in combination with follower load. Predictions nicely agreed both 
with in vitro (Wang et al., 2022, La Barbera et al., 2018, Couvertier et al., 
2017, Oxland et al., 1992, Brinckmann and Grootenboer, 1991), in vivo 
(Wilke et al., 2001) measurements and were totally comparable with 
other published lumbar FEM (Dreischarf et al., 2014), with particular 
detail on the stabilizing effect of the follower load especially for more 
caudal FSUs. 

4.4. Case study: Validation of the thoracic FEM with/without rib cage 

The assessment of the thoracic T1-T12 FEM proved that the material 
properties calibrated on the three thoracic FSUs could be generally 
extended to the proximal, medial and distal thoracic segments, despite 
the model was more flexible in torsion and ventral-dorsal flexion for 
distal FSU. Such finding should be related with the simplification in 
describing the costo-vertebral ligaments without relying on sufficient 
information about their features and mechanical properties. Neverthe
less, our models could appreciate the increased stability provided by the 
ribcage especially in lateral bending and axial torsion (Liebsch et al., 
2017). 

4.5. Advantages, limitations and future steps 

The main advantage of the proposed parametric CAD model relies in 
its simplicity, as only 22 inputs (18 VBHPs + 4 sagittal balance pa
rameters, namely PI, SS, LL, and TK) are required to automatically 

Fig. 5. Comparison of the RoM predicted using thoracic FSUs FEMs including the left rib after calibration vs. in vitro measurements at ± 0.6 Nm (Lemosse et al., 
1998). ‘*’ denotes simulations which did not achieve convergence, so they only provide an underestimation. 
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generate any new spine model comprehensive of the thoraco-lumbar 
spine and the ribcage. To the best of our knowledge this is the 
simplest fully-parametric spine model up-to-date available including an 
articulated ribcage. For the sake of comparison, Niemeyer et al. and 
Bashkuev et al. proposed two similar model generators requiring 
seventeen parameters for each vertebra plus additional six for each 
intervertebral region and spinal processes (Niemeyer et al., 2012, 
Bashkuev et al., 2018); therefore, their approach required a total of 40 
inputs to generate only a L4-L5 FSU. Lavaste et al., (1992) required six 
inputs parameters per each vertebra, to be identified on antero-posterior 
and lateral X-ray images; therefore, a total of 36 inputs are needed to 
generate an entire lumbo-sacral segment. Nikkhoo et al. (Nikkhoo et al., 
2020) recently proposed a parametric lumbar spine model based on 21 
parameters for each vertebra. 

One independent parameter per vertebra (against 6 for Lavaste et al., 
(1992), 21 for Nikkhoo et al., (2020) and 40 for both Bashkuev et al., 
(2018), Niemeyer et al., (2012)) implies having one unique parameter to 
scale the vertebral morphology, which may be considered a limitation 
when there are consistent deviations from the geometrical design 
parametrically implemented in the CAD model. Of course, depending on 
the research question to be answered, a trade-off between an accurate 
description of spinal morphology and the number of input parameters to 
be controlled should be always considered. Whenever required, the user 

may consider removing some simplification and increasing the number 
of independent parameters to be defined as inputs. 

Spinal morphology was reduced to simplified features, perfectly 
symmetrical with respect to the sagittal plane. The developed spine CAD 
model proved consistent in describing the average vertebral and ribcage 
morphologies of a healthy adult in the physiological range. Therefore, 
applications of the proposed CAD model to represent unphysiological or 
pathological conditions involving large spinal deviations from the 
sagittal plane, as often met in scoliotic patients presenting with coronal 
and transverse plane deformities, should be carefully considered and 
avoided. It is worth mentioning that the parametric CAD model could be 
anyway used to describe the variety of different sagittal morphotypes 
met in the normal population, as described according to Roussouly’s 
classification (Roussouly et al., 2005; Laouissat et al., 2018). This is the 
main reason why we have explicitly implemented PI, SS, LL and TK as 
independent parameters. Considered the trigonometric redundancy 
existing between specific sagittal balance parameters, different inde
pendent parameter may be adopted (i.e. PT, pelvic tilt) and the corre
sponding equation (PT = PI – SS) implemented in the parametric CAD 
model. 

Calibration of the soft tissues and assessment were performed under 
established loading conditions, either including pure bending moments 
or combined with follower load. We only considered passive osteo- 

Fig. 6. a) assessment of local RoM predicted for each FSU using T12-S1 FEM vs. in vitro measurements under pure moments vs. in vitro data at ± 7.5 (Wang et al., 
2022, La Barbera et al., 2018) or ± 5 Nm (Couvertier et al., 2017, Oxland et al., 1992).b) Assessment of global RoM predicted using L1-S1 FEM vs. in vitro mea
surements at ± 7.5 Nm vs. in vitro data (Wang et al., 2022) and in silico data by 8 FEMs (Dreischarf et al., 2014).c) Assessment of IDP predicted as a function of 
follower load using L1-S1 FEM vs. in silico data by 8 FEMs (Dreischarf et al., 2014) vs. in vitro measurements at 0, 300 and 1000 N (Brinckmann and Grootenboer, 
1991). d) Assessment of IDP predicted on lumbar disks using L1-S1 FEM vs. in silico data by 8 FEMs under complex loadings (Dreischarf et al., 2014) vs. in vivo 
measurements on L4-L5 (Wilke et al., 2001). 
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ligamentous structures, neglecting the active role of muscles which are 
certainly involved in loadings in vivo. Next steps could, therefore, 
parametrize and integrate active structures (i.e. muscles, abdomen, …) 
(Anderson et al., 2012, Ghezelbash et al., 2016), allowing to investigate 
more realistic motor tasks and challenging clinical applications. 

Uniform mechanical properties were assumed across the upper- 
thoracic, middle-thoracic, lower-thoracic, as well as the thoraco- 
lumbo-sacral segments, as calibrated on specific FSU. Moreover, 
similar general criteria were assumed to split the IVD into NP and AF, 
and to draw the spinal and costo-vertebral ligaments for each FSU. 
Although this may not accurately represent the expected continuous 
variations in terms of mechanical properties and morphometrical fea
turesof every single osteo-ligamentous tissue, the results herein reported 
supports the feasibility of our parametric CAD model to generate cred
ible FEMs either for the thoraco-lumbo-sacral spine and the thoracic 
spine with or without the articulated ribcage. 

Next steps could move towards the parametrization of geometrical 
parameters also for the spinal ligaments, implementing, for instance, 
variations in terms of thickness and cross-sections, beside assuming 
anisotropic hyperelastic constitutive laws (Hortin et al., 2015, Rob
ertson et al., 2013). Given the complexity of the costo-vertebral joint and 
the lack of detailed information about thoracic ligaments, it is important 
to notice that we aimed at creating a reasonable, yet simple geometry for 
most osteo-ligamentous structures. Therefore, some aspect could be 
surely improved as far as more data will be collected. Overall, the 
calibration and validation steps demonstrated the feasibility of gener
ating a standard FEM representing a healthy male spine providing 
relevant insights about thoraco-lumbar spine biomechanics and paved 
the way towards clinically relevant applications. 
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