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Introduction

Thoracic spine and lumbar spine injuries account for 79% 
of all spinal injuries and are usually caused by high-energy 
trauma, mainly falls (39%), traffic crashes (26.5%), and 
sports accidents (5.2%) [1]. Analysis of injury and crash 
databases showed that the incidence of thoracolumbar 
fractures in motor vehicle crashes (MVCs) increased from 
1986 to 2008 as a function of vehicle model (National Auto-
motive Sampling System Crashworthiness Data System 
(NASS-CDS) [2]), from 1994 to 2002 (Crash Outcome Data 
Evaluation System data [3]), and from 1996 to 2011 with 
age and seat belt use (Crash Injury Research and Engineer-
ing Network (CIREN) [4]).

There are indications that the number of thoracolumbar 
fractures will increase due to the increase of non-traditional 
seating postures with the introduction of highly automated 
vehicles. A reclined seating position, in particular, is pre-
dicted to become more prevalent [5, 6] as the forward 
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Abstract
Injury mechanisms of the lumbar spine under dynamic loading are dependent on spine curvature and anatomical variation. 
Impact simulation with finite element (FE) models can assist the reconstruction and prediction of injuries. The objective of 
this study was to determine which level of individualization of a baseline FE lumbar spine model is necessary to replicate 
experimental responses and fracture locations in a dynamic experiment.

Experimental X-rays from 26 dynamic drop tower tests were used to create three configurations of a lumbar spine 
model (T12 to L5): baseline, with aligned vertebrae (positioned), and with aligned and morphed vertebrae (morphed). 
Each model was simulated with the corresponding loading and boundary conditions from dynamic lumbar spine experi-
ments. Force, moment, and kinematic responses were compared to the experimental data. Cosine similarity was computed 
to assess how well simulation responses match the experimental data. The pressure distribution within the vertebrae was 
used to compare fracture risk and fracture location between the different models.

The positioned models replicated the injured spinal level and the fracture patterns quite well, though the morphed 
models provided slightly more accuracy. However, for impact reconstruction or injury prediction, the authors recommend 
pure positioning for whole-body models, as the gain in accuracy was relatively small, while the morphing modifications 
of the model require considerably higher efforts. These results improve the understanding of the application of human 
body models to investigate lumbar injury mechanisms with FE models.
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rotation of the upper torso occurs later in the reclined posi-
tion compared to the upright posture, thus increasing the 
compression in the lumbar spine. Furthermore, a higher 
degree of thoracolumbar flexion is also associated with 
causing fractures [7].

Types of fractures vary from major (burst) compres-
sion type, with uniform compression of the vertebral body 
from posterior to anterior, wedge type where the anterior 
was more compressed than the posterior, and other types 
that did not fit either category [2, 4, 8]. Such observation 
can be expected, as the human spine is unique and complex 
in structure, characterized by complicated anatomy, inho-
mogeneous material composition, and non-linear material 
behavior, exposed to complex loading conditions [9]. These 
anatomical and material variations, combined with differ-
ences in load vector, drive varying injury outcomes in motor 
vehicle crashes.

Some studies investigated significant uncertainties in 
material properties, geometric configuration, and loading 
in biological systems [10]. For example, Putzer et al. [11] 
studied the influence of defined geometrical variations on 
physiological lumbar spine loading. They reported vertebral 
body height, disc height, and curvature of the lumbar spine 
as important. Meijer et al. [12] investigated the physiologi-
cal range of geometrical dimensions on the stiffness of a 
motion segment. In their study, disk height had the most 
considerable influence.

Many studies on spinal alignment in different postures, 
inherently dependent on other spinal parameters (e.g., disc 
height, vertebral wedging), have been reported in medical 
literature the automotive field. For example, Izumiyama et 
al. [13] investigated skeletal alignment in an automotive 
seat and tried to clarify the differentiation by age, gender, 
and body type. Later, studies investigated the effect of the 
postural change between standard seating postures and a 
reclined posture in vehicles [14] and the effect of the seat 
back inclination on spinal alignments comparing spinal 
alignments of automotive seating postures in the 20° and 
25° seat back angle and standing and supine postures [15].

The depiction of injury mechanisms for injury recon-
struction or prediction requires a description of the rel-
evant anatomical details. Therefore, the ultimate aim would 
be to consider all anatomical and pathological variants of 
the spine. Human body models (HBMs) are suitable as an 
evaluation methodology, especially for evaluating differ-
ent anthropometries. HBMs are computationally efficient, 
reproducible, and repeatable, though their main advantage 
lies in individualization. They have been individualized on 
the full-scale level [16, 17] but also the component level 
[18, 19].

Individualization of full-scale HBMs can offer realistic 
occupant populations. Their generation and preparation 

for application would require a fully automated method to 
produce many whole-body FE human models represent-
ing sexes and a wide range of stature and body shapes, like 
the mesh morphing method presented by Zhang et al. [16]. 
They generated 100 human models with a wide range of 
variation. The main limitation of the study is its focus on 
statistical models of the ribcage, pelvis, femur, and tibia. At 
the same time, the other skeletal components were morphed 
using geometric relationships among the adjacent struc-
tures, but without reference to specific skeletal data. Never-
theless, even if it was possible to integrate all feasible spinal 
characteristics, actual parameters are usually unknown, and 
variability is inherent in living organisms. Finally, setting 
up individual-specific models for each spinal curvature is 
inefficient and not economical. Knowledge about the loss of 
precision with different simplifications in the individualiza-
tion approach would be helpful.

Therefore, the objective of this study was to (1) identify 
the spine parameters in the sagittal plane responsible for 
kinematic behavior in a dynamic application and (2) pro-
pose an application strategy that allows systematic inclusion 
of variance in the analysis. To the author’s knowledge, there 
are no investigations on the influence of geometrical param-
eters on the whole lumbar spine in dynamic lumbar spine 
compression. Hence, a component load case of the complete 
lumbar spine (T12-L5) by Stemper et al. [20] was used as 
an experimental validation load case, and the Total Human 
Model for Safety v4.1 (THUMS v4.1) lumbar spine was 
used to apply three different individualization levels: The 
first individualization level was the original (unchanged, 
baseline) THUMS v4.1 lumbar spine, the second level was 
created via positioning of the vertebrae according to sagittal 
imaging data from the experiment, and the third level, the 
highest level of individualization, included adaption of the 
height of the vertebral bodies via morphing and positioning 
of the vertebrae. All different models were assessed in the 
same load cases concerning global kinetics, vertebrae kine-
matics, and fracture prediction potential.

Materials and methods

Experiments

The basis for this study is an analytical study with Level 
of Evidence II by [20] Stemper et al. (2017), in which 
axial tolerance of 26 lumbar spines (T12-L5) in com-
bined compression and flexion was experimentally quan-
tified using a drop tower test (see Table S1). CT scans 
and lateral X-rays were obtained of each specimen to 
confirm spinal integrity (via CT scan) and positioning 
(via X-ray) before testing. Cranial (T12) and caudal (L5) 
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vertebrae were embedded in polymethylmethacrylate to 
facilitate attachment to the experimental apparatus. The 
L2-L3 disc level was kept approximately horizontal in 
the global coordinate system without altering the natural 
specimen-specific lordosis to ensure consistency of pre-
load between specimens.

Compressive flexion loading was applied to whole lum-
bar spine specimens using a drop tower with two decoupled 
platforms attached to a monorail via low-friction bearings. 
Each specimen was attached through a load cell to the lower 
platform, and a laterally oriented cylinder enabled interac-
tion between the decoupled upper platform and the superior 
specimen fixation. A 5 Nm pre-flexion torque was applied at 
the superior specimen fixation while minimizing anterior-
posterior and lateral shear forces. The specimen was held in 
that position with the laterally oriented cylinder. The rela-
tive position of the two platforms was fixed using a cable 
that allowed the upper platform to apply inertial compres-
sive loads to the specimen by reducing the vertical distance 
to the lower platform during deceleration while also pre-
venting specimen recoil before testing and significant verti-
cal displacement or impact during dynamic testing. A 32 kg 
mass was added to the upper platform to simulate static 
torso mass of a 50th-percentile male.

At the bottom of the drop tower test setup, a piece of 
foam was used to form a realistic acceleration pulse. Linear 
accelerometers were used at the lower and upper platforms 
to measure vertical accelerations. Forces and moments were 
measured via a load cell, which was attached at the caudal 
fixation of the specimen to the lower platform.

Each specimen was exposed to one or more dynamic tests 
from specific drop heights until an injury was detected. An 
incremental paradigm was used, wherein drop heights were 
increased after non-injury tests. A Vicon system (Vicon 
Corp., Oxford Metrics Group, Oxford, England) with three 
spherical targets (one target placed in the anterior aspect of 
the body and one in each transverse process) was used to 
record three-dimensional vertebral kinematics. Local carte-
sian coordinate system origins were defined at mid-height 
and mid-width along the posterior wall of each vertebral 
body. Vertebral kinematics were reconstructed by using tar-
get motions. Sagittal segmental angulation was computed 
for each segment (T12-L1 through L4-L5) as the sagittal 
plane angle of one vertebra relative to the subjacent vertebra 
[20].

After each test, specimens were examined for fractures 
and abnormal changes in spinal alignment or disc heights 
using X-rays. Specimen palpation and flexion stiffness 
assessments excluded endplate or soft tissue injury. Testing 
of a specimen was immediately stopped when an injury was 
detected. Fracture classification and the affected spinal level 
were assessed using X-rays and post-test CT scans.

Simulation

Development of FE models

The THUMS (v4.1) lumbar spine for T12 to L5 with liga-
ments and intervertebral discs was selected for simulations. 
The material properties of the annulus fibrosus and the cap-
sular ligament have been adapted according to data from 
the literature [21–23]. Local coordinate systems (LCS) have 
been defined for each vertebral body according to a previ-
ously published method [24].

The LCS were tied to and moved in conjunction with their 
respective vertebrae for the duration of each test, allowing 
for comparison with the PHMS experiment. All simulations 
were conducted in Visual-Crash PAM (ESI Group, Rungis, 
France).

The 26 different samples were simulated in three differ-
ent configurations, i.e., in the original or baseline THUMS 
position, in a positioned, and a morphed version, resulting 
in a total of 78 simulations. For the morphed configuration, 
pretest midsagittal X-ray images were used to determine 
the anterior and posterior heights of the vertebral bodies 
and the anterior and posterior heights of the intervertebral 
discs. Following previous investigations on spinal segmen-
tal kinematics, angles [25–30, 15] were measured using the 
image processing software ImageJ for the positioned and 
the morphed configuration (http://rsb.info.nih.gov/ij/; US 
National Institutes of Health Bethesda, Maryland, USA).

No geometrical adaptations on the THUMS lumbar spine 
unit were made for the baseline configuration. The changes 
to the segmental angles were applied to place the model for 
the positioned configuration. For the morphed configura-
tion, the lateral heights of the vertebral bodies were indi-
vidualized using DFM morphing in ANSA (BETA CAE 
Systems SA, Epanomi, Thessaloniki). After adaption of the 
heights, the articulation tool for human body model posi-
tioning available in ANSA was used to position the mod-
els according to the intervertebral angles measured in the 
X-rays (see Fig. 1).

Boundary and loading conditions

A simplified setup of the drop tower apparatus was imple-
mented while maintaining the boundary conditions to com-
pare the simulations to previous PHMS experiments. The 
THUMS lumbar spine unit was rotated for the baseline con-
figuration to keep the L2-L3 disc level approximately hori-
zontal in the global coordinate system.

To globally position the positioned and the morphed con-
figuration, the distance of the lower potting to L5 in x- and 
z-direction and the tilt angle of L5 to the global x-axis in 
the X-rays were measured. The height and the tilt of the 
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responses were compared to PHMS kinetic and kinematic 
responses: section forces in the upper and lower specimen 
pot enable measuring of section forces in the global coor-
dinate system.

The accelerations measured in the experiment in the 
lower platform are applied as input to the lower specimen 
pot below the section force to allow for accurate measure-
ment. In addition to the forces and moments as measured 
in the specimen experiments, intervertebral kinematics were 
also measured in the simulation. Gravity was applied to the 
whole setup as an acceleration field. (see Fig. S1)

Model evaluation

The modified THUMS models were evaluated relative to 
the specimen test data by comparing the kinetics (forces 
and moments measured at the caudal end) and vertebral 
kinematics. In the experiments, target motions were used 
to reconstruct vertebral kinematics, and sagittal segmen-
tal angulation was computed for each segment (T12-L1 
through L4-L5).

upper potting, as well as the position of the impactor with 
a non-structural mass of 32  kg, were individualized for 
each specimen according to the pretest X-rays. Then, the 
superior (T12) and inferior (L5) vertebrae were positioned 
in finite element models of aluminum potting cups, bone 
cement-like potting resin, and aluminum load cells used in 
the experiments.

The vertebrae’s superior and inferior cortical shells were 
rigidly fixed to the deformable potting resin, and the pot-
ting resin was constrained to the rigid potting cups. After-
ward, the upper potting was translated in z-direction to the 
same position on the cranial end of the LSUs as shown in 
the X-rays.

A frictionless self-contact was implemented to allow 
relative movement between the upper potting and the 
impactor. To limit the movement of the impactor in 
z-direction in the rebound phase, as was ensured by the 
cable in the experiments, a plate was added on top. To 
mimic the drop tower setup’s release of boundary condi-
tions, the cylinder and the lower platform allow translation 
in global z-direction and around global y-axis. Simulation 

Fig. 1  Modelling approach for the three different lumbar spine configurations – morphed (3. Configuration), positioned (2. Configuration) and 
baseline (1. Configuration) – exemplarily shown on one vertebra
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FE model validation

Global kinetic evaluation

Figure  2 shows the kinetic response of one specimen in 
all different configurations, i.e., baseline, positioned, and 
morphed. Compared to all other responses axes, the ampli-
tude of z-force and y-moment is significantly higher; the 
primary focus is evaluating these responses.

For the baseline configuration, the kinetic model 
responses for z-force und y-moment were opposite to the 
experimental responses in half of the cases; for the other 
half, one of the responses was off in the opposite direc-
tion. For fourteen cases, the cosine value for the z-force 
responses of the baseline THUMS configuration is greater 
than 0.8, eight cases are between 0.5 and 0.8, and all other 
cases are less than 0.5. At the same time, for the y-moment, 
it is less than 0.8 for twenty-four cases and between 0.5 and 
0.8 for five cases (see Fig. 3).

For the positioned configuration, in seven cases (27%), 
one model response was opposite to the experimental 
curves; for one case, none aligned with the experimen-
tal responses. The response aligned with the experimental 
responses for all other cases (77%). The cosine value for 
the z-force is in twenty-three cases greater than 0.5 and 
twenty-four cases greater than 0.8. For the y-moment in 
twelve cases, the z-force is greater than 0.5, and one speci-
men’s response has a cosine value greater than 0.8. All other 
remaining responses are less than 0.5 (see Fig. 3).

Regarding the configuration with the morphed sagittal 
vertebral body heights, intervertebral discs, and positioned 
vertebrae, fifteen cases (58%) of all specimen’s responses 
followed the same trend as the experimental responses - at 
least one of the responses aligned with the trend for twenty-
one cases. The cosine value for the z-force was greater than 
0.8 for nineteen cases and was between 0.5 and 0.8 for three 
cases. For the y-moment, eleven cases showed a cosine 
value greater than 0.8, and two, cosine values were between 
0.5 and 0.8. The cosine values for the responses of the thir-
teen remaining specimens were lower than 0.5 (see Fig. 3).

Kinematic evaluation at vertebra level

Figure  4 shows the intervertebral kinematics per vertebra 
segment over time for one specimen across all configura-
tions. The time history of these plots was used to calculate 
the cosine value for each curve. The results are listed in 
Fig. 5. For the baseline configuration, more than 10 to 22 
specimen cases show a similarity value of less than 0.5, and 
15 to 23 cases show at least a similarity value less than 0.8. 
The positioned configurations show similarity values less 
than 0.5 in 7 to 17 cases and less than 0.8 in 12 to 22 cases. 

A similar approach to analyzing vertebral kinematics was 
performed in this study on the simulation data. Local coor-
dinate systems defined in each vertebral body were used 
to calculate sagittal vertebral angles. For calculating the 
sign of the angles (negative - extension, positive - flexion) 
a plane was defined that spans each two local x-vectors in 
the sagittal plane. The sign of the resulting vector product 
between the two local x-vectors then determines the open-
ing of the angle.

The similarity of the outputs of the simulation and the 
experimental results were analyzed until time of peak force 
was reached; it was assessed using the cosine similar-
ity function in MATLAB (R2020a, The MathWorks, Inc., 
Natick, MA, USA). The closer the cosine similarity value is 
to 1, the smaller the cosine angle and the greater the match 
between vectors. Cosine similarity can be used as measure 
for numeric data that ignores zero-matches [31]. Here, the 
cosine similarity analysis was applied for each scalar (force 
or moment component) in the time diagram. The cosine 
value was also used to rate the simulation configurations for 
each specimen.

Vertebrae injury predictors

To identify the mechanism of vertebral compression frac-
ture, the pressure (precisely, negative one third of the first 
invariant or trace of the stress tensor) of the spongiosa was 
analyzed. This analysis was performed by finding the peak 
pressure in each vertebra before the time of peak force is 
reached. Therefore, the maximal and minimal values of 
the scale of the contour plots of the models were set to the 
same overall maximal and minimal values. The contour 
plots were then filtered until only the elements exceeding 
a threshold were shown, which would then also define a 
potential fracture region.

Results

The experimental data of 26 PHMS from which lumbar 
spine data was obtained were used for simulation. Eleven 
of the 26 PHMS lumbar spines were from female donors, 
thirteen were from male donors, and for two, sex, mean 
age, height, and weight were unknown. The mean age, 
height, and weight of the female PHMS were 48 ± 12 
yrs., 161 ± 11  cm, and 68 ± 19  kg, for the male PHMS 
44 ± 12 yrs., 177 ± 6  cm, and 80 ± 11  kg, respectively. 
Experimental data of each specimen was used for the 
simulative setup of the baseline, positioned, or morphed 
configurations.
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Fig. 3  Cosine value for all studied kinetic simulation specimen responses in continuous hot/cold spectrum. Darker colors represent smaller cosine 
values, lighter colors cosine values closer to 1

 

Fig. 2  THUMS simulation kinetic response (top – force, bottom - 
moment) in three different configurations compared to PMHS exem-
plarily for one specimen. THUMS curves are plotted starting at 80ms 

and for the duration of the simulation. Plots of other specimens can be 
found in the Supplementary Material
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value greater than 0.8. Also, the intervertebral kinematics 
between L3 and L4 showed the least concordance for this 
configuration.

The trend and similarity assessment as a meta-analysis 
were used for filtering regarding consideration in terms of 

4 to 14 cases showed a similarity value greater than 0.8, 
with the intervertebral kinematics between L3-L4 showing 
the least similarity. For the morphed configurations, 6 to 
16 cases have a cosine value less than 0.5, 10 to 23 cases 
have a value less than 0.8, and 3 to 16 cases a similarity 

Fig. 5  Cosine value for all studied kinematic simulation specimen responses in continuous hot/cold spectrum. Darker colors represent smaller 
cosine values, lighter colors cosine values closer to 1

 

Fig. 4  THUMS simulation 
kinematic response in four dif-
ferent configurations (morphed, 
positioned, baseline) compared to 
PHMS exemplarily for one speci-
men. THUMS curves are plotted 
for the duration of the simulation. 
Plots of other specimens can 
be found in the Supplementary 
Material
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The contour plots have been rated and classified accord-
ing to the following criteria: identification of extension or 
flexion fractures and identification of the fracture region 
reported in the experiments. Table  1 combines the meta-
analysis results for the kinetic data in three categories 
(good, fair, bad) and the results of the contour plots, i.e., 
whether the correct fracture mechanism at the position 
reported in the experimental data is observed in the simula-
tions in color coding. Six out of twenty-six specimen cases 
detect the fracture type and fracture position in the simu-
lation for the morphed configuration. Ten out of twenty-
six cases predicted the fracture type and location reported 
from the experiments in the positioned configuration. For 
the morphed configuration, five out of twenty-six cases, the 
answer of the kinetic evaluation was contradictory to the 
evaluation of the contour plots. For the positioned configu-
ration, four cases showed conflicting responses.

Discussion

In this study, we investigated the necessary level of indi-
vidualization of a lumbar spine model in high-dynamic load 
situations to make a realistic recommendation for potential 

injury predictors. Based on that, only the positioned and the 
morphed configuration were evaluated.

Analysis regarding fracture prediction capabilities

Figure 6 shows exemplarily the stress field map of one 
specimen in the morphed configuration. Following our 
recently published analysis approach [23] the area of 
peak stress in each vertebra at the time of experimental 
peak force was determined. Therefore, the upper scale 
limit has been set to 3.5 MPa, the lower bound to 0 MPa 
for all specimen models in every configuration. The con-
tour plot values were then further filtered until only the 
elements defining a region of likely fracture were shown. 
For the specimen that sustained a wedge fracture at L1 
classified as a flexion-compression fracture, a stress pres-
sure pattern between T12 and L1 in a triangular shape 
with highest stresses in the anterior region of L1 becomes 
visible. The contour plots for all other specimens can be 
found in the supplementary material; besides flexion-
associated fractures, which resulted in wedge or burst 
fractures, fractures which can be attributed to extension 
primarily affecting the spinous processes were observed 
in the experiments.

Fig. 6  Finite element model stress field maps (right, rear, front and 
left side view) of the maximum pressure (negative one third of first 
invariant) in GPa of the spongiosa of the vertebrae at the moment of 

peak force exemplarily on one specimen with a wedge fracture at L1. 
The final step of the filtering is shown and shows how the distribution 
of pressure is allocated
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 Table 1  Rating of studied kinetic & kinematic simulation responses vs. experimental response per specimen on a meta level for each 
configuration. Injury outcomes are color coded (green: injury type and location could be predicted, red: injury type or location were not 
detected in the contour plots)
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individualization was only in one plane, i.e., the sagittal 
plane. Thus, this study did not use information on the posi-
tion in the frontal plane. As the lumbar spine might not be 
perfectly symmetrical to the sagittal plane, this second level 
of information could give further insight into lumbar spine 
fracture biomechanics. However, compared to the spinal 
segmental angles measured in the sagittal plane, angles in 
the frontal plane are smaller in subjects without medical 
conditions. For the most detailed level of individualization, 
named morphing, in addition to changing the intervertebral 
angles, the sagittal heights of the vertebral bodies and inter-
vertebral discs have been measured in the pre-test sagit-
tal X-rays and integrated into the modified THUMS v4.1 
model.

This partial individualization does not involve param-
eters from other planes for several reasons:

1.	 Lack of imaging data with sufficient quality to deter-
mine parameters.

2.	 Adaption of the THUMS lumbar spine would require a 
method to complete the parametrization of the model.

3.	 This study aimed to investigate the lowest needed level 
of individual parametrization.

Studies investigating the sensitivity of lumbar spine load-
ing to anatomical parameters showed that variations of the 
vertebral body height, disc height, transverse process width, 
and the curvature of the lumbar spine are most influential [9, 
11]. Therefore, the authors decided to reduce the individual-
ization to a minimum level. The morphing and positioning 
were performed using ANSA. In cases where the adaptions 
were too big, ligaments were recreated and re-meshed.

Following previous studies [12], averaged material prop-
erties were used for the simulations even though interper-
sonal variance in material properties might significantly 
influence simulative responses. Also, visco- and poroelastic 
behavior of the vertebrae is neglected; this might be impor-
tant when loading is applied with higher velocities. Finally, 
articular cartilage was not modeled, possibly influencing 
the facet joint biomechanics. However, it is deemed that the 
influence on the relative results between the different initial 
postures will still be valid in the presence of cartilage.

Specimens with excessive disc height loss, bridging 
osteophytes, or inconsistent alignment were not included 
in the study [20], however degeneration can have a major 
influence on the kinematics and kinetics, and thus, affect the 
fracture behavior of lumbar vertebrae in physiological load-
ing conditions [35]. Therefore, future studies should use the 
example Natarajan [36–38] et al. to investigate how degen-
eration affects highly dynamic loading conditions.

The muscle structures on the specimens for the physi-
cal experiments were removed [39], so no muscle activation 

application in full-scale load cases. Therefore, three dif-
ferent model types with distinct levels of individualization 
have been selected, and the effects on the kinematic, kinetic, 
and fracture prediction capabilities have been analyzed.

Model generation

The experimental test setup was abstracted in the simula-
tion to prevent uncertainties from being introduced into the 
system by too many modeled parameters. Consequently, the 
measured accelerations for each specimen were applied to 
the bottom of the test setup. A point mass on top of the setup 
and a plate was used to simulate the boundary conditions. 
However, details influencing the results may have been 
overlooked by doing so. Also, further integration of experi-
ments and simulation would help to objectify the future 
modeling of experiments [32, 33].

The base for all levels of individualization within this 
study is the lumbar spine of THUMS v4.1 developed by 
Toyota Motor Corporation and Toyota Central R&D Labs. In 
THUMS v4.1, the musculoskeletal system and the internal 
organs are modeled in detail based on CT scanning data; the 
material properties of each tissue are defined to reproduce 
the PMHS response as given in the literature [34]. However, 
to apply THUMS v4.1 lumbar spine to a detailed study, the 
material properties of the intervertebral discs and capsular 
ligaments were updated according to literature data.

The generic THUMS v4.1 lumbar spine with adapted 
material was selected as the baseline configuration. The 
lumbar spine model was globally rotated and integrated into 
the setup afterward. No individualization adaptions were 
incorporated into the model for the baseline configuration. 
This generic configuration aimed to understand how imple-
menting the model into an experimental setup for HBM 
validation purposes without the exact knowledge of the 
setup could affect the results. As there were no changes to 
the intervertebral angles, the lumbar spines’ curvature only 
matches the corresponding X-rays in some instances purely 
by coincidence.

The exact change of intervertebral angles was used for the 
next level of individualization, named the positioned con-
figuration. Nevertheless, investigation with angles directly 
measured from the test data might come to different con-
clusions. During vertebrae positioning using ANSA, spatial 
difficulties with the spinal processes of adjacent vertebrae 
occurred. These were expected as the THUMS v4.1 lumbar 
spine is based on one individual’s lumbar spine; with the 
positioning, we try to adapt the position to the anthropom-
etry of another specimen.

Nevertheless, the needed adjustments in the x- and 
z-direction to avoid intersections were minor compared to 
the applied angles. Finally, the information used for the 
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angular position and the vertebral bodies’ height were indi-
vidualized; the latter, including the wedge angle, i.e., the 
relation of the anterior height of the vertebral bodies in 
relation to their posterior height. As described in Section 
Model Generation, previous studies found an influence of 
vertebra body height on lumbar spine kinematics. How-
ever, these studies only investigated physiological loading 
conditions, i.e., non-crash-related dynamic loading. Cur-
rent studies on the Global Human Body Model Consortium 
(GHBMC) lumbar spine under dynamic loading conditions 
[44] indicate that the vertebral height might not influence 
the response of the lumbar spine that much.

Regarding the correlation of between experimental and 
simulative responses, the third configuration performed 
better than the second configuration. However, this study 
aimed to propose a strategy for considering as many details 
on different spinal anthropometries as possible. The adap-
tion of the heights, combined with the positioning, dra-
matically increases the number of possible spine models. A 
viable alternative could be further investigating the relation-
ship between the relative wedging of vertebral bodies and 
the spinal position [45]. That could allow vertebral wedging 
and position to be clustered, thus reducing the complexity 
of the spinal models. Besides, the model setup in config-
uration 3 is more time-consuming and can lead to model 
deficiencies, e.g., intersections need to be re-mesh, which 
would hinder the model’s use in the automotive develop-
ment processes.

Fracture prediction capabilities

Fracture prediction capabilities were evaluated based on 
previously developed, completely individualized lumbar 
spine models [23]. The morphed configuration possesses 
the best fracture prediction properties. The positioned con-
figuration performed slightly worse. Due to the baseline 
configuration’s poor performance in the validation, it was 
excluded from further evaluation of the fracture prediction 
capabilities.

The fracture prediction capabilities are rated in Table 1. 
First, the kinetic and kinematic response agreement to the 
experiment is classified as either ‘good,’ ‘fair,’ or ‘bad.’ The 
pressure distribution explains whether a fracture could be 
predicted and whether the fracture location is met. If the 
simulative kinematic response does not align with the exper-
imental response, the fracture location cannot be predicted. 
That indicates a relationship between the kinematics and the 
location and type of fracture. As the initial posture influ-
ences the kinematics, the initial posture directly influences 
the spinal injury mechanism. Three models show larger 
pressure areas than others; the reason might be the vertebral 
body size, which was not adapted in this configuration, and 

was considered in the simulation models. However, it has 
been shown that muscle activation has an influence on occu-
pant kinematics and thus on the probability of injury in a 
crash [40]. Therefore, the influence of autochthonous back 
muscles on fracture risk in the lumbar spine should be fur-
ther investigated in future studies.

Validation

The models were validated using kinetic and kinematic 
responses from simulation locations corresponding to the 
experiment’s measurement locations. Failure criteria were 
not used for validation. Qualitatively, the configuration with 
the highest degree of individualization showed the closest 
agreement with the experiments, followed closely by the 
positioned configuration. At the same time, the baseline 
configuration performed worst.

The cosine value calculated to quantify the deviation of 
the simulation response from the experimental data supports 
this observation (Figs. 3 and 5). Even though the cosine value 
is an uncommon way to measure the similarity between an 
experimental and a simulation response, it is frequently used 
to measure the similarity in text analysis [31], and it satisfies 
the need to measure the similarity between experiment and 
simulation quantitively. Commonly used rating metrics are 
CORA and EEARTH (ISO/TR 16250:2013). However, the 
parameter customizations possible within these metrics are 
inherently subjective and have the potential to produce non-
trivial scores, which can, in turn, influence the conclusions 
drawn from a study [41].

The gross biomechanical behavior of the model, as 
described by the load-time curves (e.g., Fig.  2) and the 
intervertebral kinematics (e.g., Fig.  4), was not in good 
agreement with the experimentally determined data for the 
baseline configuration. The explanation might be that the 
model’s initial position for the baseline configuration was 
only globally adjusted to the initial position of the specimen 
in the experiment; previous validation efforts with THUMS 
v4.1 [42] or THUMS v5 [43] found similar results.

In comparison, the positioned configuration, i.e., the 
gross biomechanical behavior of the model, as described 
by the load-time curves (e.g., Fig. 2) and the intervertebral 
kinematics (e.g., Fig. 4), was in good agreement with the 
experimentally determined data. This observation is sup-
ported by the respective cosine values (Figs. 3 and 5), indi-
cating that the initial position has an influence not only on 
kinematics but also on kinetics.

At the highest level of individualization, the gross bio-
mechanical behavior of the model, as described by the load-
time curves (e.g., Fig. 2) and the intervertebral kinematics 
(e.g., Fig. 4), was in slightly better agreement compared to 
positioned data. In this configuration, the vertebral bodies’ 
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specimens, and the fracture prediction capabilities were 
rated compared to the injuries observed in the experiment. 
In conclusion, the models with the highest degree of indi-
vidualization, i.e., morphing, performed best, followed by 
the positioned configuration. As the morphing of the ver-
tebra and intervertebral discs heights is very elaborate, it 
might be challenging to routinely integrate it into full-body 
models. Focusing on the positioning of vertebral bodies, if 
full-body models are analyzed for injury reconstruction or 
prediction, may therefore be a suitable approach.
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