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1 Zusammenfassung

Verletzungen der lumbalen Wirbelsäule entstehen durch traumatische Ereignisse und
reichen von Verletzungen der Bänder bis hin zu komplexen dislozierten Frakturen. Sol-
che Verletzungen, wie zum Beispiel Wirbelfrakturen, können durch Destabilisierung der
mechanischen Struktur der Wirbelsäule und insbesondere durch daraus resultierende
Verlegung des Wirbelkanals erhebliche Behinderungen bei gesunden Menschen verursa-
chen und hohe sozioökonomische Folgen haben. Primärursachen dieser Verletzungen
sind multidirektionale, dynamische Belastungen, die bei Stürzen oder Unfällen mit
Fahrzeugen auftreten können. Insbesondere die Entwicklung zu teil- und vollautonomen
Fahrzeugen, die neue Sitzpositionen der Insassen erlauben (zum Beispiel Komfortposi-
tionen (Reclined Seating)), stellt in der Fahrzeugentwicklung neue Herausforderungen
dar, weil in diesen Positionen in Longitudinalrichtung höhere Kompressions- und
Flexionskräfte gegenüber Standardpositionen auf die lumbale Wirbelsäule einwirken.
Allerdings sind sowohl die Verletzungsmechanismen als auch der Einfluss anthropo-
metrischer Unterschiede bei dynamischer Belastung noch nicht vollständig geklärt.
Zielsetzung der vorliegenden Dissertation war es daher, eine Strategie für den Umgang
mit anthropometrischen Unterschieden der lumbalen Wirbelsäule bei der Bewertung
von Wirbelsäulenverletzungsrisiken im Rahmen der virtuellen Fahrzeugentwicklung
mit menschlichen Körpermodellen, sogenannten Human Body Models (HBMs), zu
entwickeln.

Um anthropometrische Unterschiede an der Wirbelsäule unabhängig von den zugrunde
liegenden medizinischen Bildgebungsverfahren untersuchen und Auswertungsergebnisse
auf modellbildende Wirbelsäulen-Abbildungen übertragen zu können, sind quantitative,
eindeutige und nutzerunabhängige Auswertungsmethoden notwendig, die es ermög-
lichen, die genaue Position und Orientierung einzelner Wirbel zu bestimmen. Daher
wird eine Methode zur Bestimmung der Position und Ausrichtung eines Wirbels über
lokale Koordinatensysteme entwickelt, die sowohl für experimentelle Daten als auch
für Finite-Elemente-Modelle (FE-Modelle) anwendbar ist. Darüber hinaus wird eine
solverspezifische Methode zur Integration der lokalen Koordinatensysteme in ein HBM
vorgestellt.

Diese Methoden fanden im ersten Teilprojekt Anwendung. Ziel dieses Teilprojektes
war es zu bewerten, inwiefern subjektspezifische, explizite FE-Modelle der Lumbalwir-
belsäule basierend auf klinischen Computertomographie-Aufnahmen (CT-Aufnahmen)
kombiniert mit Materialdaten aus der Literatur experimentelle Reaktionen und Frak-
turstellen in einem dynamischen Fallturm-Testaufbau vorhersagen können. Weiterhin
wurde untersucht, welche Auswertungsstrategie sich unter den vorgegebenen Randbe-
dingungen als geeignet zeigt. Die CT-Aufnahmen sowie die experimentellen Ergebnisse
des Fallturm-Testaufbaus wurden vom Medical College Wisconsin (MCW) zur Ver-
fügung gestellt. Die Wirbelkörper wurden aus den CT-Scans segmentiert und zur
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Erstellung von vier subjektspezifischen FE-Modellen der Lumbalwirbelsäule (T12-
L5) genutzt. Weichteile des Total HUman Model for Safety (THUMS v4.1) wurden
über Morphing-Verfahren integriert. Außerdem wurden für alle Modelle identische
Materialeigenschaften des THUMS v4.1 verwendet. Zur Simulation der dynamischen
Tests wurden entsprechende Belastungen und Randbedingungen aus den Experimenten
genutzt.

Die Ergebnisse der Simulationen stimmten mit Kraft, Moment und kinematischen
Reaktionen der experimentellen Daten überein. Über die Druckverteilung in den Mo-
dellen konnten jeweils Art und Position der Frakturen prädiziert werden. Im Vergleich
zu Wirbelsäulenkomponenten, die keine Fraktur erlitten hatten, zeigten Wirbelsäu-
lenhöhen, die im Experiment eine Wirbelkörperfraktur erlitten, höhere lokale Drücke
in den anterioren Elementen auf. Gleichermaßen wiesen Wirbelsäulenhöhen, die im
Experiment eine Fraktur der posterioren Strukturen erlitten hatten, einen höheren
Druck in den posterioren Wirbelelementen im FE-Model auf. Es konnte gezeigt werden,
dass eine subjektspezifische Modellierung der Wirbelsäulengeometrie und -ausrichtung
zur Vorhersage von Art und Stelle der Frakturen unter dynamischer Belastung geeignet
ist. Die simulative Auswertung des Drucks mit einer Filterung der Ergebnis-Skalen
erwies sich zudem als geeigneter Auswertungsparameter.

Auf der Grundlage des ersten Teilprojekts wurde im zweiten Teilprojekt der erfor-
derliche Grad der Individualisierung eines FE-Basismodells der Lumbalwirbelsäule
untersucht, der notwendig ist, um experimentelle Reaktionen und Frakturen unter den
Randbedingungen des dynamischen Fallturm-Testaufbaus zu replizieren. Ziel war es, die
Wirbelsäulenparameter in der Sagittalebene zu identifizieren, die für das kinematische
Verhalten in einer hochdynamischen Anwendung relevant sind, sowie eine Strategie
vorzuschlagen, die es erlaubt, die Varianz systematisch in die Analyse einzubeziehen.
Experimentelle Röntgenaufnahmen aus 26 Fallturmtests wurden verwendet, um drei
Konfigurationen eines Lumbalenwirbelsäulenmodells zu erstellen: (1) Eine Basiskonfi-
guration mit der THUMS v4.1-Lendenwirbelsäule; (2) eine positionierte Konfiguration,
bei der die THUMS v4.1-Lendenwirbelsäule so positioniert wurde, dass die Winkel
zwischen den Wirbelkörpern denen aus den Röntgenbildern entsprachen; sowie (3) eine
gemorphte und positionierte Konfiguration bei der die THUMS v4.1-Lendenwirbelsäule
nicht nur positioniert, sondern auch die anterioren und posterioren Höhen der Wir-
belkörper an die Röntgenbilder angepasst wurden. Jedes Modell wurde, wie im ersten
Teilprojekt mit den entsprechenden Belastungen und Randbedingungen aus den Expe-
rimenten simuliert. Die Simulationsergebnisse von Kraft, Moment und kinematischer
Reaktion wurden mit den experimentellen Daten verglichen und die Ähnlichkeit be-
rechnet, um die Übereinstimmung der Simulationsergebnisse mit den experimentellen
Daten zu bewerten. Die im ersten Teilprojekt entwickelte Auswertungsmethode fand
zur Analyse des Auftretens und Lage von Frakturen Anwendung. Im Allgemeinen
konnten die gemorphten und positionierten Modelle das Level der Wirbelsäule und
das Frakturmuster besser nachbilden als die Modelle, die nur positioniert wurden.
Da der Effekt jedoch relativ gering und der Aufwand für die Modellmodifikation im
Vergleich dazu hoch war, wird für die Verwendung in Gesamtkörpermodellen zum
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Zweck der Aufprallrekonstruktion oder Verletzungsvorhersage die reine Positionierung
empfohlen.

Der Schwerpunkt des letzten Teilprojekts lag auf der Erprobung der vorgeschlagenen
Anwendungsstrategie im Gesamtkörpermodell und einer dem Stand der Wissenschaft
entsprechenden Abstrahierung eines Fahrzeugsitzes für das Labor mit dem Fokus auf die
initiale Lumbalwirbelsäulenposition bei unterschiedlichen Neigungswinkeln der Rücken-
lehne. Dafür wurden Magnetresonanztomographiedaten (MRT-Daten) der Wirbelsäule
eines Probanden in einer aufrechten Position und in zwei Positionen mit höherem
Neigungswinkel der Rückenlehne angefertigt und zur Positionierung des THUMS v4.1
verwendet. Die drei positionierten und eingesessenen Modelle wurden jeweils in Schlit-
tentests im 50 km/h Frontalcrash simuliert. Das Ergebnis war, dass die Neigungswinkel
unterschiedliche Insassen- und Lumbalwirbelsäulenkinematiken hervorrufen, was zu
unterschiedlichen Druckverteilungsmustern führt: Mit zunehmendem Neigungswinkel
vergrößert sich die Fläche, in welcher der Druck auftritt und die Wahrscheinlichkeit
einer Fraktur erhöht sich.

Die vorliegende Dissertation präsentiert eine detaillierte Analyse des Einflusses der
Wirbelsäulenposition auf die Frakturwahrscheinlichkeit in dynamischen Anwendungen
sowie einen Vorschlag zur Auswertung in Gesamtkörpermodellen. Die Arbeit stellt
die Grundlage der Anwendung von Menschmodellen zur simulativen Belastungsbe-
wertung der Lumbalwirbelsäule im Fahrzeugcrash dar. Welche individuelle lumbale
Wirbelsäulenposition am gefährdetsten ist und wie sich lumbale Wirbelsäulenposition
in Realfahrzeugsitzen und -umgebung verhält, kann in Folgestudien geprüft werden.





2 Abstract

Injuries to the lumbar spine are caused by traumatic events and range from ligament
injuries to complex fracture dislocations. Such injuries like vertebral fractures can result
in significant disability among healthy individuals and have significant socio-economic
implications. This is due to the destabilization of the spine’s mechanical structure
and, specifically, the resulting displacement of the spinal canal. The primary causes of
these injuries are multidirectional, dynamic loads that can occur during falls or vehicle
crashes. In particular, the development of partially and fully autonomous vehicles,
which allow new seating positions for occupants (e.g., comfort positions as reclined
seating), pose new challenges in vehicle development because higher compression
and flexion forces in the longitudinal act on the lumbar spine in these positions
compared to standard positions. However, the injury mechanisms and the influence of
anthropometric differences have not yet been fully understood under dynamic loading.
The aim of this dissertation was therefore to develop a strategy for dealing with
anthropometric differences in the lumbar spine when assessing spinal injury risks in
the context of virtual vehicle development using human body models (HBMs).

To investigate anthropometric differences in the spine independently of the underlying
medical imaging procedures and to be able to transfer evaluation results to modelling
spine images, quantitative, unambiguous, and user-independent evaluation methods
are required that make it possible to determine the exact position and orientation of
individual vertebrae. Therefore, a method for determining the position and orientation
of a vertebra via local coordinate systems is developed, which is applicable for both
experimental data and finite element (FE) models. In addition, a solver-specific method
for integrating the local coordinate systems into an HBM is presented.

This concept was applied in the first subproject. The objective of this subproject was
to assess the extent to which subject-specific, explicit FE models of the lumbar spine
based on clinical computed tomography (CT) images in conjunction with material
data from the literature can predict experimental reactions and fracture sites in a
dynamic drop-tower test setup. Furthermore, it was investigated which evaluation
strategy is suitable under the given boundary conditions. The CT images and the
experimental results of the drop-tower test setup were provided by the Medical College
Wisconsin (MCW). The vertebral bodies were segmented from the CT scans and used
to create four subject-specific FE models of the lumbar spine (T12-L5). Soft tissues
from the Total HUman Model for Safety (THUMS v4.1) were integrated using morphing
methods. In addition, identical material properties of THUMS v4.1 were used for all
models. Corresponding loads and boundary conditions from the experiments were used
to simulate the dynamic tests.

The results of the simulations were consistent with the experimental data in terms of
force, moment, and kinematic reactions. The type and position of the fractures could be
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predicted via the pressure distribution in the models. Compared to spinal components
that had not suffered a fracture, spinal levels that suffered a vertebral fracture in the
experiment showed a higher-pressure distribution in the anterior elements. Similarly,
spinal levels that had suffered a fracture of the posterior structures in the experiment
showed a higher pressure in the posterior vertebral elements in the FE model. It was
shown that subject-specific modelling of spinal geometry and alignment is suitable
for predicting the type and location of fractures under dynamic loading. Simulative
evaluation of the pressure with filtering of the result scales also proved to be a suitable
evaluation parameter.

Based on the first subproject, the second subproject investigated the required degree
of individualization of a FE base model of the lumbar spine necessary to replicate
experimental responses and fractures under the boundary conditions of the dynamic
drop-tower test setup. The aim was to identify the spinal parameters in the sagittal
plane that are relevant for the kinematic behavior in a highly dynamic application and
to propose a strategy that allows the spinal variance to be systematically included in the
analysis. Three configurations of a lumbar spine model were created using experimental
radiographs from 26 drop-tower tests: (1) a baseline configuration with the THUMS v4.1
lumbar spine; (2) a positioned configuration in which the THUMS v4.1 lumbar spine
was positioned so that the angles between the vertebral bodies corresponded to the
vertebral angles from the X-ray images; and (3) a morphed and positioned configuration
in which the THUMS v4.1 lumbar spine was not only positioned but also the anterior
and posterior heights of the vertebral bodies were adjusted to the X-ray images. As
in the first sub-project, each model was simulated with the corresponding loads and
boundary conditions from the experiments. The simulation results of force, moment,
and kinematic response were compared with the experimental data and the similarity
was calculated to assess the agreement of the simulation results with the experimental
data. The evaluation method developed in the first subproject was used to analyze
the occurrence and location of fractures. In general, the morphed and positioned
models were able to replicate the level of the spine and the fracture pattern slightly
better than the models that were only positioned. However, as the effect was relatively
small and the cost of model modification was high in comparison, positioning only is
recommended for use in whole-body models for the purpose of impact reconstruction
or injury prediction.

The focus of the last subproject was on evaluating the proposed application strategy
in the whole-body model and a state-of-the-art abstraction of a vehicle seat for the
laboratory with focus on the initial lumbar spine position at different recline angles.
For this purpose, magnetic resonance imaging (MRI) data of the spine of a volunteer
in an upright position and in two positions with a higher backrest tilt angle were
obtained and used to position the THUMS v4.1. The three positioned and seated
models were each simulated in sled tests in a 50 km/h frontal crash. The result was
that the tilt angles cause different occupant and lumbar spine kinematics, leading to
different pressure distribution patterns: As the angle of inclination increases, the area
on which the pressure acts increase, and the probability of a fracture increases.
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This dissertation presents a detailed analysis of the influence of the spinal column
position on fracture probability in dynamic applications and a proposal for evaluation
in whole-body models. The work provides the basis for the application of human
models for simulative load assessment of the lumbar spine in vehicle crashes. Which
individual lumbar spine position is at risk most and how the lumbar spine position
behaves in real vehicle seats and environments can be evaluated in follow-up studies.
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The implementation of vehicle safety regulations and consumer testing programs, in
addition to improvements in road infrastructure, has led to a significant decline in the
number of road traffic fatalities (Elvik et al., 2009; O’Neill, 2009; Glassbrenner, 2013;
Kahane, 2015; van Ratingen et al., 2016). Despite the implementation of numerous
safety measures, road traffic crashes continue to result in the deaths of approximately
1.3 million people worldwide each year and leave up to 50 million people with non-fatal
injuries (WHO, 2020). In addition to the human suffering caused by road traffic
injuries, they have a serious impact on national economies incurring estimated costs
of 3 percent of their annual gross domestic product (WHO, 2018). Even though in
high-income countries road injuries are no longer among the top ten causes of death,
the number of traffic-related injuries and deaths in these countries are still in the
hundreds or thousands per year (NHTSA, 2022).

Throughout the years, there has been a development of passive and active safety systems
with the aim of enhancing the safety of vehicles. Among the earliest passive safety
measures to be implemented the Volvo Car Corporation, Sweden introduced in 1959
the three-point seat belt to counteract vehicle traffic injuries (Bohlin, 1964). Seatbelts
have been demonstrated to reduce the risk of fatal injury to front-seat passengers
by 45 percent and the risk of moderate-to-critical injury by 50 percent (Elvik et al.,
2009, pp. 600–609). The aforementioned effect is further enhanced by the appropriate
deployment of front airbags. A reduction of approximately 15 percent in the incidence
of fatal and serious injuries has been observed among belted drivers and passengers
in airbag-equipped cars (Elvik et al., 2009, pp. 600–609). Starting in the 1970s the
design of active safety systems such as anti-lock braking system (ABS), traction control,
electronic stability control (ESC), brake assist, adaptive cruise control (ACC), blind
spot detection, and lane departure detection, made a significant contribution to the
improvement of road transport safety (Eskandarian, 2012, p. 4). It is anticipated
that more recent technological developments, such as pedestrian detection systems
and integrated safety concepts, in conjunction with forthcoming advances in vehicle
communications, driver assistance, and autonomous driving in intelligent vehicles will
result in the next phase of improvements in vehicle safety (Lubbe et al., 2018).

Highly Automated Vehicles

The development of highly autonomous vehicles (HAVs) is one of the largest endeavors
in the modern automotive industry. According to a study by the Prognos research
institute on autonomous driving for the Allgemeiner Deutscher Automobil-Club e.V.
(ADAC), the share of new vehicles in which the driver can completely turn away from
the driving task on all motorways will increase in the optimistic case from 2.4 percent
to as much as 70 percent in 2050 (ADAC, 2023). These vehicles will be able to take
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over driving functions under certain conditions (SAE1 Level 4) or under all conditions
(SAE Level 5) allowing occupants to perform other tasks and opening up to greater
range of seating positions while being transported from A to B (SAE, 2018). According
to these future scenarios, reclining the seat back is one of the most requested features
by customers associated with highly automated driving (Pettersson and Karlsson, 2015;
Jorlöv et al., 2017; Östling et al., 2019) and many original equipment manufacturers
(OEMs) have shown concept cars that include reclined seating (Motavelli, 2015).

Futurists posit that the advent of HAVs, equipped with sophisticated active safety
features, will render passive safety systems obsolete (Buchholz, 2015). Some studies
even predict crashes caused by passenger cars to be non-existent by 2070 at high
levels of automation (Unselt et al., 2013). However, given that a mix of HAVs and
those without high automation will be operating on public roads for the foreseeable
future2, entities still need to consider the possible scenario of other vehicles crashing
into an HAV and how to best protect vehicle occupants3 in these situations. That
implies that besides active safety systems, passive safety systems will still be needed
to contribute substantially to preventing fatalities and their further development and
their deployment should not be abandoned (Lubbe et al., 2018). In addition, it is
assumed that the frequency of occurrence of different crash scenarios will shift with
mixed modal traffic (Unselt et al., 2013). In the event of a crash, passive safety systems
should maintain their intended protection level and protect all occupants whether in
HAVs or in non-HAVs as well as in any alternative seating or interior configuration
(NHTSA, 2017).

Alternative Seating Positions

To provide occupants2 with the best possible protection in the near future, the current
passive safety systems must be examined for performance in new crash scenarios
with alternative seating positions and, if necessary, new mitigation strategies must
be developed (Boyle et al., 2019; Gepner et al., 2019). However, crash analyses for
researching and understanding injury mechanisms are only partially suitable for the
prediction of how things will develop with HAVs. Nevertheless, there is a requirement
that past advances in safety systems shall be maintained in future crash scenarios.
One possibility would be to identify aspects associated to HAVs in current accident
scenarios. For instance, even today there are already occupants who self-report to
recline their seat backs (Thorbole, 2016; Boyle et al., 2019; Goodworth and Canada,
2021). In an analysis of the German In-Depth Accident Study (GIDAS) from 2000 to
2019, 20 percent of occupant positions in traffic crashes were classified as either partially
reclined or fully reclined (Schaefer et al., 2021), although most safety systems are

1 Society of Automotive Engineers (SAE)
2 as well as in the event of a malfunction
3 Occupants of the ego vehicle, as well as occupants of the opposing vehicle, occupants in HAVs and

in non-HAVs



4 Introduction 13

developed and approved by the manufacturer only for upright positions4 (Volkswagen
AG, 2021).

Studies of US National Automotive Sampling System-Crashworthiness Data System
(NASS-CDS) frontal crashes (1995-2005) revealed that occupants seated in a fully
reclined position had a 77 percent higher fatality rate than occupants in a partially
reclined or upright position. However, only 0.3 percent of the occupants in this study
were fully reclined (Dissanaike et al., 2008). A study of more recent crashes (2000-2015)
by McMurry et al. (2018) showed similar results: belted and reclined occupants had a
21 percent higher risk of Maximal Abbreviated Injury Scale (MAIS) 2+ and a 69 percent
higher risk of MAIS 3+ injuries, respectively. Again, the incidence of occupants in the
reclined posture was only 0.1 percent. However, the low evidence for reclined occupants
in studies of car crashes does not imply that only a small number of occupants is seating
in a reclined position: In NASS-CDS, crash investigators determine the position of the
occupants before an accident based on the vehicle inspection and interviews with the
occupants - but the seating position is not consistently recorded as an analysis variable.
For example, in the studies cited above, cases where the occupant posture was not
recorded constituted 24 percent and 17.6 percent of the total, respectively. This might
be due to the reason that, in the event of a crash with suspected spinal injury, one of the
measures taken by the rescue personnel when rescuing vehicle occupants is to recline
the seat back completely in order to slide a so-called Spineboard under the occupant,
which can then be used to free him or her from the vehicle. The study of GIDAS
crashes by Schaefer et al. (2021) mentioned in the previous section reports a higher
number of belted reclined occupants (around 20 percent) with 107 percent, 209 percent
and 266 percent greater risk for the injury severity levels MAIS 2+, MAIS 3+, and
MAIS 4+, respectively. In this study the post-crash seatback position was included as
a variable for the definition of the pre-crash seatback position.

There is a paucity of field data on frontal crashes involving occupants in a reclined
seating position; nevertheless, the available evidence suggests that the interaction of
a reclined seating position and the corresponding belt position may elevate the risk
of injury and fatality (Dissanaike et al., 2008; McMurry et al., 2018). In 1988, a
US National Transportation Safety Board (NTSB) study on the potential hazards of
reclined seats concluded that the protection provided by a three-point seatbelt attached
to a pillar is compromised when the seat is reclined and is therefore a “potentially
dangerous combination in a moving vehicle” (NTSB, 1988). In particular, the risk of
submarining can be increased by a reclined sitting position. Unfavorable occupant
kinematics, such as submarining and the combined load on the lumbar spine caused by
compression and flexion, due to the increased inclination angle of the backrest and the
resulting altered load paths of the seatbelts, are also predicted by computer simulations
(Richard et al., 2015; Thorbole, 2016) and laboratory assessments (Rawska et al., 2019;
Richardson et al., 2020a). Both effects are briefly described hereafter.

4 The current regulations from legislators and consumer tests are also limited to upright positions.
To date, there is no harmonized assessment standard for reclined positions.
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Submarining

Submarining is defined as the sliding of the pelvic belt over the iliac crest (Adomeit
and Heger, 1975; Figure 4.1). The forward displacement of the lower torso causes the
forces of the lap belt to exert a direct load on the soft abdominal tissue (Schöneburg
et al., 2003; Thorbole, 2016). In addition, submarining leads to hyperflexion and thus
to a compressive load at injurious levels to the lumbar vertebral column (Richardson
et al., 2020a). In particular, axial loading of the femur caused by knee-dashboard
contact can also lead to lower extremity injuries (Rupp et al., 2008).

Figure 4.1: Schematic representation of submarining. A anterior view. B lateral view.

A number of vehicle design countermeasures have been investigated in an attempt to
mitigate the risk of submarining. Among these are seat-pan angle and airbag (Shaw
et al., 2018), knee bolster (Rawska et al., 2019) and a combination of pretensioners and
force limiting retractors (Rouhana et al., 2003). In particular, “the abdominal injuries
could be reduced by a better belt-pelvis interaction, easily achieved by a shift in lap
belt anchor points and the introduction of lap belt pretensioners” (Reed et al., 2013).
Furthermore, restraint systems with dual lap belt tensioners appear to successfully
prevent submarining (Richard et al., 2015; Östling et al., 2017; Gepner et al., 2019).
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Combined Lumbar Spine Loading

In comparison to an upright posture, a reclined posture during a frontal impact results
in a greater horizontal crash vector, leading to a greater axial compression force within
the lumbar spine. Additionally, a greater flexion moment is observed during torso pitch
in this position (Tushak et al., 2022). There are indications, that the load transfer
from the seat to the lumbar spine is even increased when submarining is prevented
(Östling et al., 2017). It has been demonstrated that a reduction in both force and
accelerations correlates with a lower incidence of injury (Östling et al., 2017). However,
there is currently no officially accepted method for automotive applications to assess
injury in the lumbar spine. Furthermore, there is no metric at which an acceptable
safety level can be defined (Stemper et al., 2015b; Yoganandan et al., 2020).

In aviation, the lumbar load tolerance threshold during vertical accelerations is regu-
lated in the US Federal Aviation Administration (FAA) regulations. The value was
determined via a series of dynamic impact tests with aviation-specific pulses (Chan-
dler, 1985) and a modified Hybrid II anthropometric test device (ATD) to capture
lumbar loads (DeWeese et al., 2015). Measured lumbar loads were correlated to the
Dynamic Response Index (DRI), a formerly derived injury risk criterion for ejection
seat development. It describes the probability of injury in relation to the maximum
spinal compression (Stech and Payne, 1969; DeStefano, 1972; Thyagarajan et al., 2014).
Based on that a lumbar spine modification for the Hybrid III ATD was developed (van
Gowdy et al., 1999).

Nevertheless, DRI does not account for the age and sex of occupants, which have been
identified as potential factors affecting injury biomechanics (Pintar et al., 1998; Stemper
et al., 2011a; 2015b), nor does it incorporate the effects of axial force or acceleration.
In their 2018 study, Stemper et al. (2018) quantified the lumbar spine’s tolerance for
bony injury under vertical accelerative loading, as well as the factors that influence
injury outcomes, including loading rate, peak force, age, and sex. Yoganandan et al.
(2020) developed a criterion for assessing injury risk that considers axial and resultant
force on the spine to be the primary contributors to injury. Recently, injury criteria
considering both axial compression forces and flexion moments have been developed
(Ortiz-Paparoni et al., 2021; Tushak et al., 2023).
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4.1 Lumbar Spine

The spinal column, see Figure 4.2, is the articulated and mobile support of the torso and
protects the spinal cord. The individual limbs of this column are called vertebrae. The
presence of the vertebral column has given the name to the large group of vertebrates.
In humans it consists of 33-34 vertebrae. The 24 most cranial vertebrae5 remain mobile
throughout life; they are also called true vertebrae. Caudally, they are followed by five
sacral vertebrae, fused during embryogenesis to form a uniform bone, the os sacrum.
The four to five most caudal vertebrae form the coccyx, os coccyges. The vertebrae
fused to form the os sacrum and os coccyx are also referred to as false vertebrae.
(Anderhuber et al., 2012)

Figure 4.2: Vertebral column in A anterior view, B from left lateral and in C posterior
view (modified after Netter (2017)).

The three basic biomechanical functions of the spine are: first, to transfer the weight
and resulting bending moments of the head and trunk to the pelvis; second, to allow
sufficient physiological movement between these body parts; and third, to protect the

5 Ordinarily, there are 7 cervical, 12 thoracic and 5 lumbar vertebrae. However, there are also
deviations from the ordinary case (Rickenbacher et al., 2004).
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spinal cord from potentially damaging forces and movements that can result from both
physiological movements and trauma. (White and Panjabi, 1990)

The lumbar spine is located vertically between the thoracic spine and the sacrum and
is made up of five bony vertebrae (L1-L5); its structural integrity is maintained by
soft tissue including the intervertebral discs (IVDs), ligaments and, muscles, both
under physiological and traumatic conditions (Putz, 1985). The anatomy of the lumbar
spine and its physiology is described in the following. Afterwards, a classification of
lumbar spine injuries, including their underlying mechanisms and clinical implications
is outlined. Lumbar spine injury tolerance as well as anthropometrical variance are
pointed out at the end of this section.

4.1.1 Lumbar Spine Anatomy & Physiology

The following is a brief description of the major components - vertebrae, intervertebral
discs (IVDs) and ligaments - of the lumbar spine and their interaction.

Osteology of the Vertebrae

The vertebrae are the bony structures of the spine (Figure 4.3). “Within the different
regions of the vertebral column, vertebrae vary in size and shape, but they all follow
a similar structural pattern” (White and Panjabi, 1990). The lumbar vertebrae are
significantly larger than the other vertebrae due to the load bearing characteristics of
the spine (Putz, 1985). The nearly cylindrical vertebral body is the anterior part of each
vertebra (White and Panjabi, 1990). Its cranial and caudal surfaces are kidney-shaped;
its outer edges are concave. The vertebral bodies and the IVDs are connected to each
other via the thin cartilaginous cranial and caudal endplates with thicker epiphyses
(Putz, 1985).

The posterior part includes the pedicles, laminae, articular processes, transverse
processes, and spinous processes. The pedicles are anchored to the posterior side of the
vertebral body. The junction between the pedicles and the vertebral body is known as
pars interarticularis. The laminae are quadrilateral in shape and extend posteriorly
from the pedicles. There are a superior as well as an inferior articular process on each
side of the vertebrae, one facing up and one facing down, forming facet joints between
the adjacent vertebrae (Putz, 1985). Depending on the posture, these facet joints can
bear up to 30 percent of the vertically applied Fz load (Adams and Hutton, 1985). A
transverse process extends laterally on each side, originating between the pedicle and
the lamina. It provides insertion points for posterior ligaments. The spinous process
provides insertions points for spinal muscles; it is attached to the junction of the two
posteriorly converging laminae and extends backwards (Putz, 1985).

The foramen vertebralis is the opening formed by the dorsal part of the vertebral body
and the vertebral arch (medial side of the pedicles, laminae, and articular processes).
It contains the spinal cord, which is protected by the bone forming the foramen. The
terminal end of the spinal cord, conus medullaris, is located at the height of the first
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and second lumbar vertebrae. Thereafter, the structure of nerve fibers run distally
(cauda equina). The spinal cord roots emerge from the spinal canal via a lateral arch
between the pedicles of two adjacent vertebrae (intervertebral foramen, Figure 4.5).
(Rickenbacher et al., 2004)

Figure 4.3: A Superior view of L2 vertebra and B lateral view of T12 vertebra (modified
after Netter (2017)).

Each vertebral body consists of an inner core structure of cancellous (trabecular) bone.
The trabecular bone contains the bone marrow. At the same time, it serves both
to maintain the shape of the load-bearing outer shell of dense cortical bone and to
transmit force to it (Prot et al., 2016). This composite structure provides bone with
mechanical properties, advanced over its individual components, resulting in a light,
strong, stiff, and tough material at the same time (Barthelat, 2015). Bone exhibits
anisotropic material behavior and is viscoelastic, hardening under load and increasing
its yield strength and fracture toughness with increasing strain rate (Wallace et al.,
2013; Prot et al., 2016).

Intervertebral disc (IVD)

Two adjacent vertebral bodies are synchondrotically connected via the intervertebral
discs (IVDs). The IVD is a soft tissue organ and the major load propagating structure
between individual vertebrae and through the spine. The IVDs of the lumbar spine
represent the most extensive avascular organs within the human body. Physiological
loads in the lumbar spine in everyday activities such as walking can reach up to
2.5 times of the body weight (Cappozzo, 1984; McGill et al., 1995) or lifting up to
1300 N (Nachemson, 1970; Dreischarf et al., 2016). In dynamic loading conditions the
response of the lumbar IVD is nonlinear and shows either pure softening or hardening
dependent on preloading and the amplitude of the stimulus (Marini et al., 2016).
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Figure 4.4: Schematic representation of an intervertebral disc (IVD). Concentric lamellae
of collagen fibers surround the nucleus of collagen and hydrated proteoglycans (modified
after Netter (2017)).

Composed of the annulus fibrosus and the nucleus pulposus, the IVD (Figure 4.4)
functions as a load-bearing structure. The annulus fibrosus, a collagen-based matrix
comprising multiple fibrocartilage layers, acts to translate compressive loads in collagen
fiber tension. The nucleus pulposus, an incompressible mucoprotein gel, separates the
vertebrae and serves to distribute the compressive forces exerted upon them. The
gelatinous structure of the nucleus pulposus makes up 40–50 percent of the IVD volume
of an adult (Pooni et al., 1986; Bayliss and Johnstone, 1992; Iatridis et al., 1996) and
25–50 percent of the transverse cross-sectional area (Perey, 1957; Nachemson, 1960;
Newell et al., 2017b). The nucleus pulposus is under hydrostatic pressure due to its
high water content. This pressure increases when compressive loading is applied (Keyes
and Compere, 1932; McNally and Adams, 1992) and creates tension in the enclosing
annulus fibrosus (Nachemson, 1963). The compressive stiffness of the compound lumbar
IVDs is strain rate dependent (Kemper et al., 2007; Newell et al., 2019).

Functional spine unit (FSU)

An functional spine unit (FSU) is comprised by two adjacent vertebrae that are
connected via the endplates by the IVD and at the pedicles by the facet joints. Each
IVD or motion segment represents the smallest part of the spine that encompasses all
of the above mentioned structures (Figure 4.5). Furthermore, the spinous processes,
the transverse processes and the vertebral arches are connected to each other by a
pronounced ligamentous apparatus. Ligaments provide stability, support, and mobility
to the spine (Newell et al., 2017a).
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Figure 4.5: Schematic representation of a functional spine unit (FSU) and its ligamentous
apparatus (modified after Netter (2017)).

Ligaments

Ligaments consist of elastin and collagen fibers and exhibit uniaxial structural properties
(White and Panjabi, 1990). They react in tension and show strain rate dependent
material behavior (Pintar et al., 1992b). Seven types of spinal ligaments can be
distinguished in the lumbar spine: five extend over only two adjacent vertebrae, while
two others cover several vertebrae.

The two last mentioned are the anterior longitudinal ligament (ALL) and posterior
longitudinal ligament (PLL) and at the same time the spines’ longest ligaments. They
adhere anterior and posterior to the vertebral bodies. The former limits extension
response of the spine, the later flexion response. The ligamentum flavum (LF) is notable
for its high elastin content (80 percent), which contributes to its remarkable elasticity
and is designed to maintain the functional spine unit (FSU). Therefore, it is always
under pretension and effective in returning lamina to the neutral position following
flexion. The primary aim of capsular ligaments (CLs) is to limit joint distraction
by encapsulating the facet joints while simultaneously resisting hyperflexion. The
interspinous ligament (ISL) interconnects the spinal processes; the tips of these processes
along the spinal column are additionally connected via the supraspinous ligament (SSL).
Both limit the flexion response of the spine. The intertransverse ligament (ITL) connects
the transverse processes of two adjacent vertebrae and withstands rotation as well as
lateral bending. (White and Panjabi, 1990)
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Autochthonous Back Muscles

In addition to the ligaments, numerous back muscles support the stability and mobility
of the spine (White and Panjabi, 1990). Part of these supporting and mobilising back
muscles is a system of short and long muscle tractions, the autochthonous back muscles
(Rickenbacher et al., 2004). The ligaments in conjunction with the internal pressure
of the IVD ensure that the spinal column strives to regain a certain inherent shape
after bending (elastic rod). The longitudinal ligaments in particular are involved in
maintaining the spinal column. Meanwhile, the autochthonous musculature significantly
influences the mobility of the spine. They are also significantly responsible for the
shape of the spine. (Staubesand et al., 1985)

Physiological Lumbar Spine Range of Motion

Due to the almost vertical facet joint surfaces in the lumbar region, almost no rotation
takes place here. Instead, it exhibits large ventral flexion (bending forward) and dorsal
extension (stretching backward). Active in-vivo range of motion6 of a lumbar FSU is
12 to 16 deg in flexion or extension, 6 deg in lateral bending, 2 deg in axial rotation
and 0.1 to 1.9 mm in tension, compression, and shear. (White and Panjabi, 1990)

4.1.2 Lumbar Spine Injuries to Car Occupants

“Injury occurs when deformation exceed physiological limits of the tissue” (Stemper
et al., 2015b). The deformation is the cumulative load exerted on the tissue. The
profile of the tissue deformation is determined by the magnitude, speed, and direction
or type of load. The term “pure load” refers to both linear forces and rotational
bending moments. Linear forces can have any direction but are usually divided into the
following components: (1) axial tension or compression perpendicular to the horizontal
plane, (2) anterior-posterior shear perpendicular to the frontal plane, or (3) lateral
shear perpendicular to the sagittal plane. Correspondingly, the components of the
bending moment are categorized as follows: (1) flexion or extension in the sagittal
plane, (2) lateral flexion in the coronal plane, and (3) axial torsion in the horizontal
plane (Stemper et al., 2015b). Figure 4.6 shows exemplarily on a functional spine unit
different loading directions.

6 Dvorak et al. (1988) showed that it is possible to achieve additional movement by applying external
forces to the fully flexed or extended neck, which is considered passive in-vivo kinetics. The
distinctions in active and passive in-vivo ranges of motion must be taken into account when
interpreting laboratory and clinical normal range of motion studies (White and Panjabi, 1990).
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Figure 4.6: Schematic representation of A anatomical planes (modified after Anesthesia
Key (2016)) and B different loading directions and resulting displacements (modified after
White and Panjabi (1990)).

Loads can be applied to a system statically, quasi-statically, dynamically, or through
explosive blast (speeds in excess of 35 m/s) depending on the loading rate. The speed
range in automotive crashes is 5 to 30 m/s (King, 2018). Lumbar spine injuries result
from the direct impact of force on the spinal column or certain vertebrae. Violence to
the spine is usually caused by gross movement, acceleration of the body or torso, or
blunt force trauma, in contrast to penetrating trauma.

Injury Classification

Injuries to the lumbar spine can be categorized in terms of stability (Nicoll, 1949),
mechanism of injury (Holdsworth, 1963; Ferguson and Allen, 1984), morphology
(Louis, 1977; Whitesides, 1977), prognostic aspects (Lob, 1954), or standardized
clinical treatment with special focus on stabilization of spine injuries (Denis, 1983). A
comprehensive classification scheme based on pathomorphological characteristics of
the injuries was developed by Magerl et al. (1994). Based on Magerl’s classification,
the Arbeitsgemeinschaft für Osteosynthesefragen (AO) developed a system that both
considers fracture morphology and factors relevant to clinical decision making (AO
Spine, 2023). For the design of motor vehicles, injuries are described by injury severity
via the anatomy based Abbreviated Injury Scale (AIS). In contrast, the AIS scoring
scheme assesses the threat to life and not possible disabilities that may result from
the consequences of injuries (King, 2018). King (2002) described the major modes of
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injuries to the spine in frontal and vertical decelerations and Stemper et al. (2015b)
classified lumbar injuries due to loading mechanisms from the four external dynamic
forces - tension, compression, shear or bending. The following is a summary of the
injury types observed in dynamic axial acceleration events.

Burst Fractures

Burst fractures are the consequence of “pure compression transmitted directly along the
z-axis of the vertebral bodies” (Stemper et al., 2015b, Figure 4.7 A). Due to the lumbar
spine’s inherent lordotic curvature, a pure state of compression can only be induced by
preflexion (Holdsworth, 1963). This leads to a rather homogeneous compressive load in
the vertebral body’s axial plane, which in turn can lead to fracture of the anterior and
posterior cortical bone. The burst pattern is the result of the fracture of one or both
endplates caused by the axial force, which pushes the disc nucleus into the vertebral
body (Holdsworth, 1963; Ferguson and Allen, 1984). In addition, neurological deficits
can occur due to bone fragments being projected into the spinal canal (King, 2018).
Fractures of the posterior element are also possible, although they are not a necessary
condition for the classification in question. In the majority of cases, the ligaments
remain intact, thereby maintaining the spine’s mechanical stability. However, these
injuries have been classified as both clinically stable (Ferguson and Allen, 1984) or
unstable7 due to progressive neurologic damage or progressive deformity after injury
(Davies et al., 1980; Larson et al., 1999). Furthermore, Dai et al. (2004) and Wittenberg
et al. (2002) found burst fractures commonly occurring in younger patients.

Anterior Wedge Fracture

Anterior wedge fractures are the result of axial compression coupled with flexion (White
and Panjabi, 1990) or flexion only events (Holdsworth, 1963). The combined loading
condition may be attributed to an axial load “applied anterior to the center of rotation
of the vertebral segment or an axial load coupled with anterior bending of the torso”
(Stemper et al., 2015b). On a tissue level, parts anterior to the center of rotation
sustain compression while middle- and posterior-column parts are under tension. The
wedge-shaped lateral profile characteristic of anterior wedge fractures is caused by
a proportionally greater loss of height of the anterior vertebral body in relation to
an often intact posterior vertebral body (Figure 4.7 B). If the posterior aspect of the
vertebral body and the posterior ligamentous complex remain largely intact and the
loss of anterior vertebral body height is less than 20 percent, the wedge fractures are
defined as mild to moderate. These are considered stable (Westerborn and Olsson,
1951). Severe anterior wedge fractures are characterized by the protruding of the
inferior facet joint over the superior articulating joint, irrespective of an impaired ISL,
a fracture of the spinous process or a disc injury. These fractures described below are
characterized as unstable and designated as fracture dislocations (Nicoll, 1949; Kifune
et al., 1995; Yoganandan et al., 2014).

7 Clinical instability is “the loss of the ability of the spine under physiologic loads to maintain its
pattern of displacement [mechanical instability] so that there is no initial or additional neurological
deficit, no major deformity, and no incapacitating pain” (White and Panjabi, 1990).
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Lateral Wedge Fracture

Two mechanisms are described in the literature by which lateral wedge fractures can
occur - either flexion combined with rotation (Nicoll, 1949; White and Panjabi, 1990)
or compression combined with lateral bending (Ferguson and Allen, 1984). Due to
compression on the concave side and tension on the convex side, both mechanisms
create unilateral wedging in which the opposite side remains intact. Compared to
anterior wedge fractures, these injuries are manifest in the frontal plane and show a
plane wedge-shaped profile. Lateral wedge fractures can also occur in combination with
a fracture of the transverse process on the convex side and a fracture of the posterior
intervertebral joint on the concave side (Nicoll, 1949). These injuries are typically
regarded as clinically unstable, frequently accompanied by a prolonged unilateral
neurological deficit.

Fracture Dislocation & Dislocations

In contrast to wedge fractures, fracture-dislocation fractures (Figure 4.7 C) are usually
associated with a rupture of the posterior ISL and an associated dislocation (Nicoll,
1949). However, dislocations may occur even without any bony fracture (White and
Panjabi, 1990). Facet dislocations may also be seen depending on the condition of
the capsular ligaments. This can result in upward subluxation, protruding, forward
dislocation with or without locking (Nicoll, 1949. The mechanism leading to dislocation
injury is flexion in conjunction with axial rotation or lateral bending. Furthermore,
“a large, coupled shear component can contribute to fracture dislocations” (White
and Panjabi, 1990). From a clinically perspective, fracture dislocations are regarded
unstable and prone to progressive deformity and acute neurological deterioration (Nicoll,
1949; Kaufer and Hayes, 1966; Ferguson and Allen, 1984).

Chance Fractures

The Chance fracture was first described in 1948 by George Chance (Chance, 1948).
Injuries are caused by flexion combined with distraction. Characteristic of these
fractures is the progression from the posterior region of the neural arch to the superior
endplate (Figure 4.7 D). Frequently the splitting of the spinous process is involved.
These injuries in car crashes were often attributed to the use of a lap seatbelt (Howland
et al., 1965; Anderson et al., 1991). In particular, these mechanisms of injury appear
to occur with improper use of lap belts or with immature pelvises to which restraint
is to be provided (Howland et al., 1965; Anderson et al., 1991; Raney and Bennett,
1992). However, other authors have stated that these injuries are rarely seen in children
(Gallagher and Heinrich, 1990).

The pelvic belt can slip over the iliac wings (see section Submarining for reference) and
acts as a pivot point around which the spine rotates, can then lead to tension injuries
in the posterior lumbar vertebrae (Steckler et al., 1969). By providing a shoulder belt,
which is worn properly, to support the upper body with the introduction of the 3-point
belt, the likelihood of these injuries can be minimized8. Clinically, these injuries are

8 Hence the introduction of the 3-point belt (Bohlin, 1964).



4.1 Lumbar Spine 25

considered stable and the likely incidence of neurological deficit is low (Nicoll, 1949;
Raney and Bennett, 1992).

Figure 4.7: Injury types of the lumbar spine classified according to loading mechanism.
A Burst fracture resulting from pure compression. B Anterior wedge fracture resulting
from axial compression and/or flexion. C Fracture dislocation - body fracture and facet
dislocation - as a result of flexion associated with axial rotation or lateral bending or
shearing. D Chance fracture resulting from flexion (modified after Stemper et al. (2015b)).

Injury Frequency

As of now, lumbar spine injuries are relatively uncommon in automotive accidents
(Müller et al., 2014; Kent et al., 2023). However, injuries of the lumbar spine are
also of particular concern because their prevalence has remained mostly unchanged
(Wang et al., 2009; Pintar et al., 2012), while the prevalence of other kinds of injuries
has decreased (Isaksson-Hellman and Norin, 2005). In the historical context, frontal
collisions have consistently resulted in a higher prevalence of lumbar spine injuries
relative to other crash directions9 (Pintar et al., 2012; Shaikh et al., 2020).

Compression and burst fractures occurred frequently at the transition between the
thoracic and lumbar regions (T11-T12) and in the lower lumbar spine (L3-L5), most
frequently at L1 (Pintar et al., 2012; Kaufman et al., 2013; Rao et al., 2014; Shaikh
et al., 2020). The mechanism underlying these injuries has so far been characterized as
compression loading or combined compression-flexion loading (Roaf, 1960; Holdsworth,
1963; Tran et al., 1995; Adams and Dolan, 2011).

As described in the beginning with the advent of HAVs and the associated higher
prevalence of reclined seating positions, the lumbar spine loading mechanism might be
amplified; studies have shown that reclined occupants are subjected to axial compression
and flexion in the lumbar spine simultaneously and possibly out-of-phase (Ji et al.,
2017; Katsuhara et al., 2017; Forman et al., 2019; Gepner et al., 2019; Rawska et al.,
2019; Tang et al., 2020), with increasing recline angle increasing lumbar axial force

9 Frontal crashes are also significantly more prevalent than other crash types (Forman et al., 2019).



26 4 Introduction

and flexion moment (Boyle et al., 2019; Rawska et al., 2019). In addition, compression
and burst fractures were found in post mortem human surrogates (PMHS) subjected
to frontal impact with occupants in upright postures (Begeman et al., 1973) and in
reclined postures (Richardson et al., 2020a; Baudrit et al., 2022; Somasundaram et al.,
2022; Richardson et al., 2023). The authors describe similar initial axial compression
of the lumbar spine followed by forward rotation of the trunk, what resulted in a
superposition of compression and flexion.

4.1.3 Lumbar Spine Injury Tolerance

To investigate the problem of injuries caused by acceleration in military environments,
the US Department of Defense (DoD) conducted nonhuman primate (NHP) experiments
at the US Naval Biodynamics Laboratory (NBDL) in the 1970’s. The analysis focused
in particular on the respective injuries and on the definition of injury risk curves based
on vertical impact acceleration (+Gz) experiments. In an effort to better understand
the underlying mechanism of spinal injury, the kinematics and associated injuries of
a subset of the data was re-evaluated. According to the analysis, the development
of injuries during vertical acceleration seems to be caused by a flexion posture in
conjunction with the torso load caused by the restraint. The injuries sustained by the
NHP in this study are comparable to those that are evident in the automotive and
military environments. However, appropriate scaling techniques, enabling comparison
of the acceleration thresholds to human tolerances under +Gz loading are difficult to
define and were not defined. (Abraczinskas et al., 2018)

Since then, the lumbar spine has been the subject of numerous biomechanical studies.
The spectrum of these investigations has ranged from isolated tissues and spinal
segments such as lumbar columns to analyses of whole body cadavers. The reaction of
the lumbar spine was examined under quasi-static and dynamic as well as physiological,
degenerative, and traumatic conditions. The load was applied across all types (including
bending, compression, and shear). In addition to focusing on understanding the
biomechanics of the injury and the development of fracture patterns, these studies also
compared surgical instrumentation techniques and measured the obstruction of the
spinal canal. This research has yielded information regarding the effects of physiologic
factors and injury tolerance. This thesis cannot provide a comprehensive overview of
the complete state of biomechanical research in the area of the lumbar spine, although
some of the relevant findings are discussed below.

To quantify the response of the structure and material of isolated components, tests
were carried out on vertebral bodies, ligaments and annular tissue, among others. For
instance, Pintar et al. (1992a) and Pintar et al. (1992a) characterized the quasi-static,
dynamic, and viscoelastic behavior of isolated ligaments and annular tissue. Failure
tolerance of isolated vertebral bodies has been quantified for compression (Hutton and
Adams, 1982; Willén et al., 1984; Brinckmann et al., 1989; Ochia et al., 2003; Stemper
et al., 2015a), flexion (Yoganandan et al., 1988b; Osvalder et al., 1990; Belwadi and
Yang, 2008; Arregui-Dalmases et al., 2010), and combined anterior posterior shear



4.1 Lumbar Spine 27

and flexion (Osvalder et al., 1993; Belwadi and Yang, 2008). The investigation of the
mechanics of vertebral body fractures has generally demonstrated an higher fracture
tolerance at increased loading rates (Perey, 1957; Kazarian and Graves, 1977; Ochia
et al., 2003; Stemper et al., 2012). As endplate strength is hypothesized to be decisive
in the development of vertebral burst fractures (Holdsworth, 1963), studies on endplate
tolerance were conducted too. These studies demonstrated that the tolerance of the
endplate depends on both the test rate (Ochia et al., 2003) and the selected surface area
(Hou and Yuan, 2012). Vertebral fracture displacement, force and stress were reported
in the range of 2.3−6.5 mm, 4.9−14.9 kN and 3.7−7.0 N/mm2, endplate fracture force
and fracture stress were measured in the range of 55 − 170 N and 6.3 − 7.5 N/mm2.

Additionally, other studies on lumbar spine segments have published response data
from axial compression (Yoganandan et al., 1988a; Kifune et al., 1995; Duma et al.,
2006; Stemper et al., 2010; Yoganandan et al., 2013) or tension (Willén et al., 1984;
Stemper et al., 2010) and from flexion (Yoganandan et al., 1994; Belwadi and Yang,
2008). An age-dependency was shown by Willén et al. (1984). Furthermore, these
studies indicate, that burst fractures tend to occur generally under higher-rate loading
scenarios (Perey, 1957; Willén et al., 1984; Kifune et al., 1995; Panjabi et al., 1995;
1998). Comparison of the reported fracture tolerance limits of spine segments tested in
neutral and preflexed position indicate the importance of posture. They reveal that
preflexion decreases fracture tolerance (Perey, 1957; Willén et al., 1984; Kifune et al.,
1995; Panjabi et al., 1995; 1998; Langrana et al., 2002). There are also indications that
the fracture tolerance increases with increasing axial load rates in a neutral specimen
position (Ochia et al., 2003).

The above-mentioned experiments differed from earlier whole body PMHS and human
body model (HBM) studies in terms of the boundary conditions. They were also
quasi-static (Yoganandan et al., 1988b; Belwadi and Yang, 2008). Accordingly, the
same conclusions cannot be drawn for car crashes with a high level of loading. Certain
boundary conditions also resulted in kinematics and kinetics that are not comparable
with flexion and torso inclination (Yoganandan et al., 1988b; Duma et al., 2006). A
more recent study tried to overcome these issues and characterized failure tolerance of
the lumbar spine in joint compression-flexion (Tushak et al., 2022). Fracture forces
on lumbar spine segments were in the range of 2.8 − 13.2 kN depending on the tested
lumbar spine level and the used testing apparatus.

To understand the lumbar spines’ physiological reactions and injury tolerance, it
is beneficial to perform tests on the entire lumbar spine, taking into account the
lordotic curvature as well as all ligamentous structures. Two studies illustrate the
dependency between fracture tolerance and loading rate. Looking at the two studies
in parallel, despite different test protocols, it can be stated that fracture tolerance
increases by 40 percent with dynamic loading. Yoganandan et al. (1990) examined
complete lumbar spines in quasi-static tests (2.5 mm/s) in compression-flexion mode
and observed fracture at an average load of 3.8 ± 0.5 kN (mean±SD), whereas Duma
et al. (2006) performed dynamic compression loading at a rate of 1.0 m/s and recorded
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a fracture tolerance as a combination of compression force and bending moment of
between 5.4 ± 0.5 kN and 201.0 ± 51.0 Nm respectively.

A subsequent study from Stemper et al. (2011b) quantified the biomechanical tolerance
to axial acceleration using compression rates between 0.5 − 1.3 mm/s, rates of onset
ranging from 228 − 2638 g/s and peak accelerations of 20.7 − 65.0 g. In general, the
results (force-based tolerance: 5.2 − 7.8 kN) of Stemper et al. (2017) are in accordance
with previous experiments and shorter lumbar vertebral segments (3 - 5 vertebrae).
However, in studies with single vertebral bodies, the authors described a higher tolerance
and attributed this to a different mechanism of injury with structural failure of the
cortices (Ochia et al., 2003; Stemper et al., 2015b).

In general, the findings of Stemper et al. (2017) indicated that force-based tolerance
(5.2 − 7.8 kN) was consistent with previous shorter-segment lumbar spine testing (3 - 5
vertebrae). However, studies incorporating isolated vertebral bodies reported higher
tolerance, which was attributed to a different injury mechanism involving structural
failure of the cortical shell (Ochia et al., 2003; Stemper et al., 2015b). The conclusion
of the study by Stemper et al. (2017) that more violent exposures lead to more injuries
in the caudal lumbar spine is a new finding regarding the formation of injury patterns.
According to the authors, two factors significantly promote caudal shift when high
loading rates are applied: firstly, increased injury tolerance of the lower lumbar spine
and secondly, faster mobilization of the inertial mass (Stemper et al., 2017).

4.1.4 Anthropometrical Variations of the Lumbar Spine

Each person’s lumbar spine is individual and therefore has anthropometric variations.
These are morphological (e.g., with regard to the height of the vertebral bodies) but
also with regard to the alignment of the vertebral bodies and the spine. Inherently, this
alignment is different for every person. In addition, there is the influence of different
seating postures in different vehicles. This also changes the effect of the applied load
and the injury tolerance, and therefore also the individual risk of injury (Stemper et al.,
2015a; Izumiyama et al., 2018).

Posture is defined as “A position of a person’s body or body parts” (American Heritage,
2023), whereas spinal position/orientation is physiologically determined. Whole spinal
alignment has been studied in different postures in numerous studies. For further
details regarding spinal alignment, reference is made to section 8.1. This subsection will
focus on anthropometric variations underlying the variability of spinal alignments.

In the above-mentioned studies lumbar spine segments or columns were either tested
in a preflexed, a neutral, or a preextended position. These positions correlate with
the postures - preflexed, nominal and preextended - denoted and determined by Reed
et al. (2013) through the University of Michigan Transportation Research Institute
(UMTRI) study on seated soldiers. While the neutral (unloaded) position is inherently
dependent only on the shape of the vertebrae and IVDs (Whitcome et al., 2007), the



4.1 Lumbar Spine 29

flexed and extended positions are additionally determined by the lumbar spines’ range
of motion (Reed et al., 2013).

Studies have analyzed vertebral body shape variation in the lumbar spine (Masharawi
et al., 2008; Abu-Leil et al., 2016), lumbar facet orientation (Masharawi et al., 2004;
2005; 2007), neural arch shape variation (Masharawi, 2012) and of the lumbar IVDs
(Abu-Leil et al., 2016). The variance of selected anthropometric parameters is listed in
Table 4.1.

Table 4.1: Selected anthropometrical parameter variations of the lateral lumbar spine.
Parameter variations include all genders, populations, heights, and weights. Age ranges
from 20 to 80 years (Masharawi et al., 2008; Abu-Leil et al., 2016).

Lumbar level Ant. VB height Post. VB height Ant. IVD height Post. IVD height
Mean±SD in mm Mean±SD in mm Mean±SD in mm Mean±SD in mm

L1 resp. L1-L2 24.9±2.5 27.5±2.3 5.3±1.6 2.3±1.2
L2 resp. L2-L3 25.8±2.5 27.5±3.3 6.0±1.8 2.7±1.6
L3 resp. L3-L4 26.1±2.2 27.0±2.8 7.0±1.9 3.3±1.8
L4 resp. L4-L5 25.8±2.5 25.4±2.8 8.8±1.9 3.2±1.5
L5 resp. L5-S1 26.8±2.7 23.2±2.9 10.1±3.5 1.9±1.8
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4.2 Strategies to Investigate Lumbar Spine Biomechanical
Tolerance

In assessing the effectiveness of passive safety systems to protect occupants in crash
events, the use of anthropometric test devices (ATDs) in combination with ATD-related
load limits is required by law in the design of vehicle safety systems (Pischinger and
Seiffert, 2021). ATDs serve as human surrogates and are used since tests with the
potential for injury cannot be performed on living subjects for ethical reasons (King,
2018). ATDs are equipped with sensors to be able to define protection criteria on the
one hand and to be able to measure legal requirements in terms of limits on the other
hand. The ATD related regulations are essentially based on injury criteria and load
limits, which are determined by crash analyses and biomechanical experiments. In
this context, crash analysis is used to determine types and mechanisms of injuries and
biomechanical experiments to explore load limits. These biomechanical load limits
and injury risk curves form the basis for load limits and injury risk curves related to
test facilities (ATDs). They also depend on the type of ATD used, the load case and
world-region-specific requirements. (Pischinger and Seiffert, 2021)

It can be reasonably deduced that reliable tolerance limits necessitate a substantial
quantity of laboratory-based injury data, preferably from human subjects10. Insights
can be drawn in biomechanics from volunteer trials, sports medicine, animal studies,
or cadaveric studies. Voluntary tests and findings from sports medicine are limited
to the extent that the testable load level must be far below irreversible injuries11 and
the measurement possibilities are limited. In addition to the questionable ethical
justifiability of animal experiments, the transferability of the findings to humans is
only possible to a limited extent. In cadaveric tests on human bodies, the loading
characteristics are known, and the injury is ideally directly detectable/measurable.
However, muscle tone, vascular pressures, possible protective postures (bracing) and
support reactions are difficult (but not impossible) to reproduce in cadaveric tests
(Hardy, 2002). In addition, due to the limited availability of PMHS, PMHS are mostly
older subjects or subjects altered by disease.

ATDs are usually available in three standardized sizes: 5th percentile female (1.51 m;
46.8 kg), and 50th male (1.75 m; 78.2 kg) as well as 95th percentile male dummy (1.87 m;
102.7 kg)12. They are load case-dependent (Pischinger and Seiffert, 2021). In the 1940s
ATDs were developed based on cadaveric tests of male and female PMHS and animal
studies to be biofidelic13. That ATDs reflect the responses of the human body to

10 The deliberate infliction of injury upon a human being constitutes an unethical practice. Therefore,
the human subjects employed in the conduct of tolerance testing are instrumented cadavers donated
for scientific research purposes (King, 2018).

11 There are sports such as football, rugby and boxing that can cause irreversible injuries.
12 In the Hybrid-III family, 5th percentile female and 95th percentile male are scaled 50th percentile

male dummies. For the 5th percentile female, the pelvis has been adapted with 5th percentile
female radiology scans (Mertz et al., 1989).

13 Biofidelity is a measure of the representation quality of physical human characteristics (ISO/TR
9790, 1999).
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external stimuli - their biofidelity - is tested using cadaveric or volunteer tests. The
main difficulty for biofideltiy adjustment and determination of injury risk curves is the
paucity of adequate biomechanical data. The majority of biomechanical experiments
are carried out with a relatively small sample size (usually single-digit), which have very
different failure thresholds (for example through age). Censored biomechanical data
further impedes the estimation of injury thresholds of the population tested and the
extrapolation of results to specific percentiles. That is, no tests are performed directly
at the specimens’ level of failure because the stimulus has an unknown deviation
from the level of failure (Mertz, 2002). Nevertheless, ATDs have evolved since their
initial introduction and now exist in a digital format as finite element (FE) models.
Numerous issues arising in terms of physical crashes (e.g., calibration, sensor failures)
that need to be managed when using hardware dummies can be circumvented by such
FE models. In addition, simulation models can be used to repeat a large number of
variants only limited by computational power. They also feature safety, cost efficiency
and reproducibility.

At present, there is no consensus regarding the acceptable limits for lumbar loading in
vehicle occupants. Further research is therefore needed to investigate and formulate
injury criteria14. The challenge is the lack of crash research data available for the
development of injury criteria. This lack of data motivates the use of human body
models (HBMs). A validated15 HBM can be used to analyze non-standard driving
postures, such as in autonomous driving or reclined seating positions, and reduce the
costs of conducting PMHS tests. Besides, HBMs offer the possibility to develop safety
systems taking into consideration various human anthropometries. Figure 4.8 shows
an exemplarily comparison of an FE Hybrid-III 50th Male ATD and a THUMS v4.1
HBM with particular regard to spinal depiction.

14 In an endeavor to enhance the biofidelity of the Test Device for Human Occupant Restraint (THOR),
the lumbar spine region was revised and equipped with additional sensors (Ridella and Parent,
2011). Besides mechanical problems that occurred during positioning in reclined positions (Forman
et al., 2021), biofidelity evaluations of Hybrid-III 50th Male and the THOR-50M in frontal impact
sled tests in reclined position, revealed differences between the two ATDs in the spine force signals
along the z-axis and spine moment about the y-axis. The differences, which can be attributed to
differences in the location of compliant elements, should be resolved before an injury risk prediction
metric is developed (Shin et al., 2022).

15 Validation is a prerequisite to use HBMs in vehicle safety systems design.
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Figure 4.8: Comparison of A anthropometric test devices (ATDs) and B human body
models (HBMs) exemplarily for a Hybrid-III 50th Male ATD and a THUMS v4.1 HBM
with particular regard to spinal depiction. Injury risk is based on sensor measurements
with ATDs, and the dummy type is dependent on the load case. HBMs enable the analysis
of injury mechanisms and one model can be used to assess several load cases.

Basic Principles of Risk Evaluation using HBMs

The motivation to use virtual testing in regulatory and consumer testing has increased
over the last decades (Automotive World, 2020). Besides replacing real testing based
procedures by virtual testing and extending the scope of protection by adding combined
real and virtual testing procedures, EuroNCAP has put virtual testing using HBMs on
the Roadmap 2030 (Eggers and Peldschus, 2022). Other NCAPs are also considering
the adoption of HBMs as part of virtual testing in the near future. Additionally, several
projects like the EU-Project OSCCAR (OSCCAR, 2020) or VIRTUAL (VIRTUAL,
2023) were conducted in the past years. Addressing the limitations of ATDs, HBMs
have been adopted by all major OEMs worldwide as tool of choice, e.g., for the
evaluation of new seat configurations in the interior of the vehicle.

HBMs are an attempt to describe the human body in crash behavior numerically.
Depending on the development of modeling techniques in injury biomechanics, the
model can be categorized to either lumped-mass models (Hodgson et al., 1967), linkage
models (McHenry, 1963), or FE models (Huang et al., 1994). However, the most
common technique of HBM modeling which allows the most detailed geometrical
representation of the human body and direct estimation of injuries is the finite element
method (FEM) (Iwamoto et al., 2002; Yang et al., 2006). Logically, FEM is based on
the numerical solution of a complex system of partial differential equations. Therefore,
the computational domain (e.g., a solid) is divided into finitely many subdomains (e.g.,
subbodies or elements) of simple shape, e.g., into many small cuboids or tetrahedra.
Due to their simple geometry, their physical behavior can be calculated with known
shape functions. The physical behavior of the entire body is then simulated by how
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these elements react to forces, loads, and boundary conditions as well as how loads and
reactions are propagated from one element to the next by specific problem-dependent
continuity conditions that must be fulfilled by the shape functions.

To facilitate the rapid and precise simulation of highly dynamic events, explicit16

solvers are used for equation solving (Sun et al., 2000). Two of the explicit FE analysis
codes used for automotive crash simulation studies are the commercial crash simulation
codes Virtual Performance Solution (VPS, ESI Group, Rungis Cedex, France) and
LS-DYNA (LSTC, DYNAmore, Gesellschaft für FEM Ingenieurdienstleistungen mbH,
Stuttgart, Germany) (Iwamoto et al., 2002). At Volkswagen, VPS is used for the
virtual safety design of vehicle structures.

There are several commercially available and open-source HBMs on the market17.
What most of them have in common is that they are developed in LS-DYNA. To be
able to couple vehicle projects based on VPS with HBMs based on LS-DYNA, either
a two-process approach is necessary or a translation from LS-DYNA-based HBMs to
VPS. As coupling of methods can shorten the design cycles, HBMs were translated to
VPS (Yang, 2018a). Translation and robustness check was performed by ESI Group
(Rungis Cedex, France). The family of HBMs is constantly growing, two models that
are available in VPS and are also most widely used are the Total HUman Model for
Safety (THUMS, Toyota Motor Corporation, Toyota, Japan) and the Global Human
Body Model Consortium (GHBMC, Elemance, LLC, Winston Salem, USA).

Toyota Motor Corporation & Toyota Central R&D Labs launched the first version
of THUMS in 2000 in LS-DYNA. Since then, due in part to increases in computing
power capabilities, newer numerical models became more detailed and anatomically
refined with improved material properties (Yang et al., 2006). Due to its computing
stability in the cluster the THUMS v4.1 AM50 occupant model in VPS was selected
for this study. THUMS v4.1 is generated by integrating component models of the
head, torso, and extremities. The model consists of approximately 1.8 million elements
and 630,000 nodes. Its height is 178.6 cm and its weight is 74.3 kg, close to what is
defined as a 50th percentile adult male in dummy technology (175 cm, 78.2 kg) (NHTSA,
2023). THUMS v4.1 is a passive human body model, meaning only passive musculature
structures are modeled (Toyota Motor Corporation, 2011). Since the present study
focuses on the comparison of the HBM with cadaver test data, this approach seems to
be sufficient here (Kallieris et al., 1995).

16 “In nonlinear implicit analysis, the solution of each step requires a series of trial solutions (iterations)
to establish an equilibrium within a certain tolerance. In explicit analysis, no iteration is required
as the nodal accelerations are solved directly” (DYNAmore GmbH, 2023).

17 The existence of different HBMs in different solvers poses new challenges for the automotive industry.
To be able to use the HBMs for vehicle safety systems design, there have been harmonization efforts
since 2022. One aspect that must be critically appreciated is that different solvers partially provide
different results (with the same setup) (Gepner et al., 2019) and that the application of HBMs can
lead to large deviations in the response to the smallest changes.
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Biofidelity and impact responses of numerical human models are verified18 and partially
validated19 against available experimental data both on component level and on whole-
body levels by the developer (Toyota Motor Corporation, 2011). Using this hierarchical
approach allows the complexity of the human body system to be decomposed into
smaller, more manageable problems, which can then be addressed (Oberkampf et al.,
2004). Validation can be performed on two different levels. On the first level, a set of
predictions generated by a deterministic model is compared with experimental data. In
other words, FE models that are conceptualized for material property identification are
to be validated against highly repeatable experimental data. In contrast, the second
level entails the comparison of one single set of deterministic model predictions against
the corridors or distribution functions derived from multiple experimental datasets.
This level of validation is predicated on the assumption that the material properties,
loading, and boundary conditions are known, yet the experimental data lacks sufficient
reproducibility. (Yang et al., 2006).

However, much of the available data was not acquired for the purposes of model
validation. As a consequence, the studies often do not provide sufficiently detailed
boundary conditions of the experiment (Yang et al., 2006), lack information necessary
for simulative modeling (Funk et al., 2004; Forman et al., 2012; G. Park et al., 2018),
or even the experiments are inherently incompatible for simulative modeling. Another
aspect that comes into effect here is that most biomechanical experiments examine
physiological (for example Wilke et al., 1998) or quasi-static loading conditions (for
example Tushak et al., 2022). In injury biomechanics, the often time-dependent,
anisotropic and strain rate dependent human tissues must be further characterized
under high-speed automotive conditions to cover all potential responses in automotive
settings and to reflect the application/assessment load case as closely as possible
(Eggers and Peldschus, 2022).

Materials that are characterized and validated according to the application load case
are a necessary prerequisite for the deduction of injury mechanisms based on validated
models and the investigation of impact reactions under conditions where experiments
are difficult to perform (Yang et al., 2006). In addition, injury prediction on a tissue
level, a key advantage of HBMs in contrast to ATDs, can only be exploited using
validated models. Validation of HBMs is elementary to ensure biofidelity and to be able
to use them for the design of vehicle safety systems. However, whether the biofidelity
of HBMs is superior to current ATDs is questionable. While simulation models of
ATDs20 can be matched with their physical counterparts, HBMs are reliant on PMHS
tests. However, to what extent PMHS tests are comparable with real-world data is
unclear.

18 In the Performance Test Codes (PTC) 60/V&V 10 (ASME, 2020), the American Society of Me-
chanical Engineers (ASME) defines verification as “the process of determining that a computational
model accurately represents the underlying mathematical model and its solution”.

19 In accordance with the ASME definition, validation is the process of quantifying the accuracy of
predictions generated by a FE model in comparison to real experimental data.

20 The development of ATDs, however, is based on the same reference experiments due to their limited
availability.
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HBMs have ideally omni-directional usability, meaning they are load-case independent
and can theoretically be placed in any seating position (Pipkorn et al., 2018), although
they are usually delivered and validated by the supplier in only two positions: upright for
pedestrian application and seated in a standard driver posture for occupant simulation.
ATDs, in contrast, can only be used in specific load cases. A side crash dummy can only
measure rib displacements in a side crash, for example. The positioning of an HBM is
not only a challenge for its application in non-standard seating positions but also for
their validation and for future virtual testing procedures. The developed positioning
methods can be categorized into geometry-based (Jani et al., 2012; Chhabra et al.,
2017) and simulation-based methods (Beillas and Berthet, 2017; Germanetti et al.,
2020). Every positioning method for HBMs has its own issues and challenges (C. Klein
et al., 2021).

Although HBMs could represent a diverse population (e.g. age, size, body mass index
(BMI), gender), they are usually limited to a few sizes that resemble the dummies
(e.g. 50th percentile male, 5th percentile female), and developing additional age/size
models by conventional methods is costly (Jolivet et al., 2015). To simulate variance
within population, the concept of parametric human FE modeling on the basis of mesh
morphing is used (Shi et al., 2014). The basic concept behind parametric human FE
modeling is to morph/scale21 a baseline model into different geometries (Hu et al.,
2012). In a significant number of studies non-rigid deformation techniques were used to
morph FE models into distinct target geometries at the level of a single bone (Couteau
et al., 2000; Grosland et al., 2009; Bryan et al., 2010; Grassi et al., 2011; Hazrati
Marangalou et al., 2013; Bonaretti et al., 2014), an organ (Besnault et al., 1998; Salo
et al., 2015), a body region (O’Reilly and Whyne, 2008; Bucki et al., 2010; Li et al.,
2012; Shi et al., 2014; Shim et al., 2014; Teshima et al., 2015; Zhang et al., 2016;
O’Cain et al., 2019), or to whole-body human models (Vavalle et al., 2014; Jolivet
et al., 2015; K. F. Klein et al., 2015; Nérot et al., 2015; Schoell et al., 2015; Zhang et al.,
2016; Zhu et al., 2016; Beillas and Berthet, 2017). What they all have in common
is the dependency on the presence of anthropometric data on which the baseline FE
models are to be morphed to adapt not only the geometry, but also to transform the
respective risk assessment functions.

In the science of biomechanics, the level of detail or complexity of the simulation model
depends on the desired application, the available computing power, time, cost, and
the stability of the numerical model. In automotive injury biomechanics, the first
area of interest is to ensure that the kinematics of the human model correctly depict
the kinematics of the occupant in crash scenarios. After this has been established,
the injury risk can be assessed. Therefore, in the virtual human body depiction, the
complexity of the body parts is reduced to a meta-level between the organ level and
the tissue level (Yang et al., 2006). On the one hand, this allows the representation of

21 Scaling refers to the targeted modification of an existing model and can be conducted out on almost
all of the modelling parameters (including dimensional definition - geometry, mass and inertia,
surface and sensor locations; restraints and constraints - joints and restraints, contact; muscle
models and actuators as well as output) possible model parameters. Whereas morphing refers to a
targeted change in geometry. (Yang et al., 2006)
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elementary material properties, and, on the other hand, it reduces the computation
time and increases the stability (Yang, 2018b). The reduction of complexity in a virtual
depiction is described below based on the lumbar spine model in THUMS v4.1 used in
this study.

A THUMS v4.1 sagittal cut in median plane of a L3 to L5 lumbar spine unit is shown
exemplarily in Figure 4.9. The lumbar spine model in THUMS v4.1 (T12 to L5)
includes all skeletal parts (vertebrae) and the major soft tissues (IVDs and ligaments).
In the VPS model, the structure is comprised of solid, shell, and bar elements. It
consists of 60,637 elements in total. Each vertebra is composed of shell elements for
the cortical bones as well as solid elements for spongious bones. Solid elements are also
used to model IVDs. Tension-only bar elements were used to model the fibers of the
discs. Shell elements are used for the ligaments. All parts in the lumbar spine model
are modelled as deformable. The bones are assumed to be elastic viscoplastic, while
foam type materials are assumed for the IVDs. The IVDs are further classified into
nucleus and annulus fibrosus, which have different material definitions (Figure 4.4).
Within a vertebral bone, the cortical bone and spongiosa are rigidly conjoined. Inferior
and superior articular process are connected via membrane elements forming the CL22.
To describe the contact situation between two adjacent vertebral bones, an automatic
surface to surface contact is defined over the entire spinal column. The ligaments’
stiffness is characterized by two force versus strain curves for unloading and loading.
Endplates and discs as well as ligaments and vertebral bones at the attachment point
share the same nodes.

Figure 4.9: Sagittal cut in median plane of L3 to L5 lumbar spine unit of THUMS v4.1.
The spinal cord was not included for the sake of clarity.

22 The facet joints are not modelled as joints.
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Experimental techniques typically yield only limited measurements23, such as the
failure strain, maximum force, maximum deflection, and/or peak acceleration at specific
locations. In contrast, a FE model enables the investigation of a much broader range
of response variables, including stress that cannot be measured using experimental
techniques and at any location within the model (Yang, 2018b).

The protection of automobile occupants against injuries requires a strategy to use the
superior features of FE models. These methods may be grouped into two categories:
deterministic and probabilistic. Deterministic models are designed to predict an exact
occurrence (or number) of defined injuries based on a single set of model features,
i.e., occupant features. They are limited in that they are intended to predict injury
in a binary fashion (injured/not injured) on the basis of a specific set of occupant
characteristics. As a result, the ability of deterministic methods is restricted to predict
injury occurrence in a population with varying physical characteristics. In contrast,
probabilistic methods attempt to predict the probability of injury in a given scenario,
affected by variations in occupant or collision characteristics. Unlike the standard
dummy technology, it is feasible because of the high level of modeling detail possible to
incorporate probabilistic analyses into FE model injury prediction in a ‘bottom-up’24

approach. This is an improvement over empirical strategies because it allows injury
prediction based on known variations in anthropometry, skeletal mechanics, tempora
mutantur et cetera.

In general, a bottom-up approach starts with a prior power analysis in which the
required sample size of a defined set of parameters is to be determined. This is
followed by the sampling procedure, where the design matrix based on the distribution
of the parameters is defined and the FE models are generated. In the third step,
characterization of probability distributions of predefined response variables uncertainty
and characterization of the relationship of input variables and model response sensitivity
is analyzed. Two such studies by Forman et al. (2012, 2022), which developed an analysis
strategy for the prediction of rib fracture risks, exploited this concept via incorporating
known variations of rib cortical bone ultimate strain. Their analysis assumed that
each fracture was an independent event, where a fracture at one site does not affect
the probability of fracture at another site. According to the authors, there is evidence
suggesting that a small to moderate number of rib fractures have negligible effect on
the overall stiffness of the chest. Thus, they limited the prediction of incremental
changes in the number of rib fractures in their study. Whether this assumption is
also permissible for other areas of the body remains questionable. Studying distinct
fracture occurrence after destabilization through initial fractures would require the

23 In experimental biomechanics there is a trade-off in how many sensors can be attached and how
these sensors affect the material behavior or kinematic/dynamic response behavior under test.
(Hardy, 2002). For example, sensors can lead to artificial stiffening, weakening of bones or crack
limiting, affecting bone fracture behavior (Richardson et al., 2020c).

24 In the ‘top-down’ approach, the occurrence of injuries (often in a cadaver model) is related to
dummy measurements under adjusted collision conditions. In the ‘bottom-up’ approach, on the
other hand, subject variations or collision characteristics occurring at the component level can be
included in the simulation strategy.
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use of a frangible FE model implementing probabilistic methods in the simulation
matrix design. However, a probabilistic approach requires an (experimentally) obtained
cumulative distribution function (CDF) of anthropometrical parameters and a FE
model, which can be adapted to the defined parameters.
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4.3 Thesis Overall Aim and Objectives

For the case of the lumbar spine, many different injury patterns have been observed
in traditional seating positions25 (Begeman et al., 1973; Patrick and Levine, 1975;
Kallieris et al., 1984; Rouhana et al., 2003; Uriot et al., 2015) and for the case of
reclined seating positions there are still many unknowns, not only about injury type
and injury prevalence but also concerning the spinal kinematics and how ergonomic and
subject specific factors will influence both kinematic and injury outcomes. Therefore,
the aim of this study is to establish a strategy for handling anthropometrical lumbar
spine differences in assessing spinal injuries within virtual vehicle development with
HBMs. This study focuses on the following objectives:

• To design a method to identify the position and orientation of a vertebra.
To be able to investigate anthropometrical differences in the spine, quantitative unam-
biguous measurements enabling determination of the exact position and orientation of
each vertebra regardless of the type of data is needed.
Thus, the first objective of this thesis is to develop a method for identification of
position and orientation of a vertebra equally applicable to experimental data and FE
models.

• To investigate if subject-specific whole lumbar spine models could match
failure patterns and injury mechanisms.

The initial lumbar spine position seems to claim a major role in kinematic responses in
simulations of a dynamic load case (Draper, 2022). Other considerable variations in the
kinematics might result from the deviation of simulative and experimental boundary
conditions, age dependency of material properties and vertebral morphometry.
Therefore, the second objective of this thesis is to assess failure patterns and injury
mechanisms matching capabilities of subject-specific lumbar spine models. The focus
in this study lies in morphometrical differences of vertebral bodies and IVDs while
neglecting differences in material properties.

• To propose a methodology on an approach to deal with different anthro-
pometry in vehicle development.

It has been shown that the influence of some morphometrical spinal features on the
response of numerical models is negligible and they do not need to be modeled overly
accurate (Niemeyer et al., 2012). The characteristics of the geometry of the lumbar
spine that induce the most significant changes in responses need to be better understood.
Specifically, the hypothesis was that lumbar spine simulation models are sensitive to
changes in direction of force transmission either caused through changes in initial
intervertebral angles (non-pathological spinal curvature variances) or vertebral wedging.

25 These studies were conducted using (semi-)rigid seats. This is only partially applicable to derive
injury events in commercial vehicle seats, but nevertheless offers an advantage in the investigation
of occupant or restraint systems compared to commercial vehicle seats due to clearly definable
simple properties, repeatability of the tests and high comparability between studies (Richardson
et al., 2020a).
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Thus, the third objective is to formulate positioning specifications to define uncertainties
in tissue-based load limits stemming from anthropometric differences.



5 Reference Points Describing Spinal Posture

Previous studies have analyzed whole spinal alignments in different positions through
medical imaging data (Hardacker et al., 1997; Janssen et al., 2009; Ames et al., 2013;
M. S. Park et al., 2013; Parenteau et al., 2014; Sato et al., 2021; Izumiyama et al., 2022).
Usually spinal alignment is described using global angles of spinal segments on sagittal
two-dimensional (2D) data - either X-rays (Andersson et al., 1979; Rocabado, 1983;
Harrison et al., 2000; Berthonnaud et al., 2005; Roussouly et al., 2005; Armijo-Olivo
et al., 2006; Mac-Thiong et al., 2007; de Carvalho and Callaghan, 2012; S.-M. Park
et al., 2015; Izumiyama et al., 2018; 2022), midsagittal magnetic resonance imaging
(MRI) (Sato et al., 2021) or computer tomography (CT) images. These global angles
were originally derived from scoliosis studies and diagnoses (Cobb, 1948) and have also
been the used in studies on automotive injuries with human body models (HBMs) to
identify relevant global trends (Izumiyama et al., 2018; 2022). Besides, the geometrical
center of the vertebral bodies in 2D data was also used to study spinal alignment
patterns (Sato et al., 2021).

However, the use of midsagittal images can be disadvantageous as information in the
other planes is neglected and in case of three-dimensional (3D) imaging data the choice
of the midsagittal image is somehow subjective. Furthermore, the construction of the
geometric center of the vertebral body can be ambiguous as there are several ways to
calculate the geometrical center. Besides, the determination of the spinal segmental
angles is dependent on the wedging of the vertebral bodies. Global spinal segmental
angles can be useful, but they lack the detailed information required to correctly
position a spinal model vertebra by vertebra (Draper, 2022). For the implementation
and investigation of different spinal alignments via HBMs, information about the
precise position of a vertebral body and its angle in relation to its adjacent vertebra
would be necessary.

Therefore, a method non-ambiguously describing spinal alignment in the global coordi-
nate system equally applicable to finite element (FE) models as well as human beings
is needed. In addition, a method for determining the position that can be used for both
experimental data and Fe models removes an uncertainty factor and also guarantees
the consistency of the positions of both sources (Draper, 2022).

Reference points would allow not only the comparison of different HBMs but also of
HBMs and real human beings. Besides, they would serve for the standardization of pre-
and post-processing procedures, known as harmonization, in the use of HBMs, helping
to build up a kinematic chain for positioning of HBMs and could serve as re-meshing
constraint (Fuchs and Peldschus, 2016). A method for geometrical determination of
reference points and integration of a local coordinate system was proposed by Draper
et al. (2020). This approach is applicable to both experimental data (in this case
X-rays and 3D CT scans or MRI scans) as well as for FE models to reproduce this
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data. Besides, this standardized framework is code agnostic and has the objective of
facilitating more consistent comparisons across and within data sources.

However, the drawback of the method is that it relies on perfect axial symmetry of the
vertebra in the sagittal plane. Most of the vertebra in FE models show perfect axial
symmetry in the sagittal plane (Yang, 2018c), actual human vertebrae in contrast show
normal asymmetry (Masharawi and Salame, 2011). Therefore, the method developed
by Draper (2022) was extended by also taking in consideration the level of information
in the third dimension. Additionally, an approach for the integration of local coordinate
systems is presented in the subsequent. The method is implemented semi-automated
via a Python script and is available for download via the THUMS User Community
(TUC) repository.

5.1 Geometrical Construction of Vertebral Reference Points

Experimental vertebrae need to be segmented before application of the methodology.
Figure 5.1 exemplarily shows the segmentation process on a CT data set. Segmentation
can be done via a semi-automated threshold method (A), followed by filling, and
smoothing of the 3D-reconstructed structure (B & C) and exporting the vertebra in
the form of a nodal structure (D) (e.g., via the .stl file format).

Figure 5.1: Schematic representation of the preparation of an experimental dataset
before geometrical construction of vertebral reference points. A shows a stack of computer
tomography (CT) images from lateral, B a 3D-reconstructed vertebra, C a 3D-reconstructed
vertebra with filled holes and D an exportable nodal structure with a smoothed surface
exemplarily for a second lumbar vertebra (L2).
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The next steps are the same for both the experimental vertebral data and the finite
element method (FEM) vertebral data (Figure 5.2). The procedure commences with
the identification of both vertebral endplates and the subsequent assignment of a
respective plane. This is achieved by identifying the best fitting plane for all nodes of
each endplate. The area center of each of the endplates is the mean of the selected
nodes for each of the endplates and is defined as the endplates’ center points cTEP and
cBEP.

To create the center plane, the best fitting planes assigned to the endplates are then
averaged. The center of the vertebral body cVB is specified by the intersection between
the midplane and the line which connects the two midpoints of the upper and lower
endplates. The normal of the midplane intersecting the center of the vertebral body
cVB describes the local z-axis of the vertebra.

Figure 5.2: Schematic representation of construction of vertebral reference points exem-
plarily for L2 vertebra of a FE model.

On the basis of the selected nodes of the inner surface of the spinal canal ring, the
interpolated centroid1 is calculated to define the local x-axis.

1 Arithmetic mean or average position of all points on the surface of the object
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The local x-axis is defined as the vector originating from the projected center point of
the spinal canal on the new midplane cCR to the center point of the vertebral body
cVB. The local y-axis is defined via the cross product of the local x-axes and z-axes. A
schematic visualization of the local coordinate construction is shown in Figure 5.3.

Figure 5.3: Visualization of the local coordinate system construction exemplified by a
vertebral body. Local x-, y- and z-axis are shown as well as center of the vertebral body
and center of the spinal canal.

Axis conventions follow the description of the Scoliosis Research Society (Stokes, 1994)
with local x-axis anterior, local y-axis to the left and local z-axis cephalad.

5.2 Solver-specific Modell Integration

In this section, a method to integrate the calculated reference nodes in an HBM spine
in Visual-Crash PAM (VCP) is presented (Figure 5.4). However, the integration of the
reference nodes is in general possible in any solver. For visualization of the reference
nodes for the center of the vertebral body, the local x- and z-axis were connected
via bar elements and saved as new Part. The translational and rotational degrees of
freedoms (DOFs) of these three nodes were then tied via Multiple Nodes to one Node
Constraints (MTOCOs) to the corresponding DOF of the center of gravity (COG).
Afterwards the motion of the MTOCO (dependent node) was constraint by the motions
of the nodes of the upper and lower endplates (independent nodes) by One Node to
Multiple Nodes Constraints (OTMCOs).

For evaluation of intervertebral kinematics Nodal Time Histories (THNODs) were
created for the center of vertebral body node and the node describing the local x-axis.
Furthermore, self-rotating frames were defined for each vertebra via the node center of
the vertebral body, the node for local x-axis and the node for local z-axis. To evaluate
section forces in each vertebra Section Forces (SECFOs) have been defined along the
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midplane as a section with the new local coordinates systems as force and moment
output.

Figure 5.4: Solver-specific model integration exemplarily for a vertebra from THUMS v4.1.
A Reference points and B visualization via bar elements. C Integration of a local coordinate
system and D summary of reference points to one node (Multiple Node to one Node
Constraint (MTOCO)). E Kinematic connection of the MTOCO to the vertebra (One Node
to Multiple Nodes Constraint (OTMCO)). F Integration of a Section Force (SECFO).

By integrating the local coordinate systems, the posture of the spine can be described
quantifiably and unambiguously. Therefore, to validate the HBMs, the initial spinal
posture of different HBMs can be compared with each other, with anthropometric data
and also with experiments from the literature. Besides, it enables the harmonization of
the measurement of kinetic and kinematic responses of HBMs. The above-mentioned
methodologies were used in Paper I and Paper II as well as in chapter 8.
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Subject-specific geometry of FE lumbar spine models for the replication of
fracture locations using dynamic drop tests.1
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Abstract

For traumatic lumbar spine injuries, the mechanisms and influence of anthropomet-
rical variation are not yet fully understood under dynamic loading. Our objective
was to evaluate whether geometrically subject-specific explicit finite element (FE)
lumbar spine models based on state-of-the-art clinical computer tomography (CT)
data combined with general material properties from the literature could replicate the
experimental responses and the fracture locations via a dynamic drop tower-test setup.
The experimental CT datasets from a dynamic drop tower-test setup were used to
create anatomical details of four lumbar spine models (T12 to L5). The soft tissues
from THUMS v4.1 were integrated by morphing. Each model was simulated with
the corresponding loading and boundary conditions from the dynamic lumbar spine
tests that produced differing injuries and injury locations. The simulations resulted
in force, moment, and kinematic responses that effectively matched the experimental
data. The pressure distribution within the models was used to compare the fracture
occurrence and location. The spinal levels that sustained vertebral body fracture in
the experiment showed higher simulation pressure values in the anterior elements than
those in the levels that did not fracture in the reference experiments. Similarly, the
spinal levels that sustained posterior element fracture in the experiments showed higher
simulation pressure values in the vertebral posterior structures compared to those in
the levels that did not sustain fracture. Our study showed that the incorporation of
the spinal geometry and orientation could be used to replicate the fracture type and
location under dynamic loading. Our results provided an understanding of the lumbar
injury mechanisms and knowledge on the load thresholds that could be used for injury
prediction with explicit FE lumbar spine models.

1 A closer description of the setups used to modify the annulus fibrosus stress-strain curve in tension
and compression, a detailed description of the drop-tower test setup by Stemper et al. (2011b)
and its corresponding simulation setup as well as a detailed description of the creation of the
subject-specific models can be found in the Appendix.

https://doi.org/10.1007/s10439-023-03402-y
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Abstract
For traumatic lumbar spine injuries, the mechanisms and influence of anthropometrical variation are not yet fully understood 
under dynamic loading. Our objective was to evaluate whether geometrically subject-specific explicit finite element (FE) 
lumbar spine models based on state-of-the-art clinical CT data combined with general material properties from the literature 
could replicate the experimental responses and the fracture locations via a dynamic drop tower-test setup. The experimental 
CT datasets from a dynamic drop tower-test setup were used to create anatomical details of four lumbar spine models (T12 
to L5). The soft tissues from THUMS v4.1 were integrated by morphing. Each model was simulated with the corresponding 
loading and boundary conditions from the dynamic lumbar spine tests that produced differing injuries and injury locations. 
The simulations resulted in force, moment, and kinematic responses that effectively matched the experimental data. The 
pressure distribution within the models was used to compare the fracture occurrence and location. The spinal levels that 
sustained vertebral body fracture in the experiment showed higher simulation pressure values in the anterior elements than 
those in the levels that did not fracture in the reference experiments. Similarly, the spinal levels that sustained posterior ele-
ment fracture in the experiments showed higher simulation pressure values in the vertebral posterior structures compared to 
those in the levels that did not sustain fracture. Our study showed that the incorporation of the spinal geometry and orientation 
could be used to replicate the fracture type and location under dynamic loading. Our results provided an understanding of 
the lumbar injury mechanisms and knowledge on the load thresholds that could be used for injury prediction with explicit 
FE lumbar spine models.

Keywords Vertebral body fracture · Anthropometrical variations · Spinal geometry · FEM · Lumbar · Drop test

Introduction

Thoracic and lumbar injuries account for 79% of the total 
spinal injuries and usually result from high-energy trauma, 
particularly from high-energy falls (39%), traffic (26.5%), 
or sports accidents (5.2%) [1]. Lumbar spine injuries, such 
as vertebral fractures and ligament tears, are significant 
causes of disability for healthy individuals and can induce 
high socioeconomic consequences [2]. Approximately 50% 
of injuries ranging in severity from minor bony fractures 
to complex fracture dislocation may lead to disability [3]. 
Multidirectional dynamic loading mechanisms sustained 
during traumatic events, such as falls and motor vehicle 
crashes, are recognized as the primary causes of spinal inju-
ries [1, 4, 5]. A better understanding of the link between 
injury mechanisms, injury morphology, and features of an 
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individual may be valuable to help injury prevention and 
clinical management.

In automotive applications, safety load limits have been 
successfully applied to protect passengers. For example, 
these load limits are dummy loading criteria with associ-
ated injury risk curves. However, there is currently no such 
criterion that is accepted for predicting lumbar spine injury 
in automotive crashes. Such a lumbar injury criterion would 
be helpful for evaluating the complex loading conditions and 
could result in the design of better safety systems. The first 
steps toward the development of this criterion involve a bet-
ter characterization of the lumbar injury pathomechanisms, 
the corresponding final injury patterns, and the influencing 
factors.

Experimental and numerical studies have been used to 
identify spinal tolerance, which is the force or acceleration 
levels that the spine can sustain without major damage [6–8], 
and the spine pathomechanisms [9] under traumatic load-
ing conditions. Most published studies have been focused 
on axial loading because of the prevalence of real-world 
injury events involving dynamic axial loads that include 
falls [10], motor vehicle collisions [11], and military sce-
narios, such as underbody blasts, aviator ejections, and 
helicopter crashes [12]. Currently, numerical human body 
models (HBMs) based on a finite element (FE) formulation 
are widely used for injury biomechanics research for auto-
motive crashes and other high strain rate applications [13], 
as they can complement experimental work with additional 
biomechanical information. The models can be computa-
tionally efficient and provide reproducible and repeatable 
simulation results. In contrast to the FE simulations widely 
used in orthopedics, HBM-based crash simulations use FE 
models with solvers for explicit time integration, which usu-
ally have much coarser mesh densities for time-step limita-
tions. Finite element modeling enables the comparison of 
the kinetic responses for the controlled loading rates, stress 
distribution, and failure propagation; these are difficult to 
obtain in experimental studies. These models can poten-
tially be used to improve the understanding of spinal injury 
pathomechanisms.

HBMs, such as the Global Human Body Model Consor-
tium (GHBMC) [14] and Total HUman Model for Safety 
(THUMS) [15], are among the most evaluated and widely 
used. These HBMs have been validated against experimen-
tal data at the component level and whole-body level and 
continue to be validated with the introduction of new experi-
mental data for different body regions and loading scenarios 
as they become available.

In previous studies, the THUMSv5 and THUMSv4 lum-
bar spine (T12-L5) were compared against experiments with 
complex loading of the spine due to gross motion or accel-
eration of the upper body during impact [16, 17]. Based 
on vertebral kinematics, THUMSv5 and THUMSv4 were 

not able to replicate the vertebral kinematics measured in 
the physical experiments, and validation was not achieved 
[18, 19].

Based on previous studies, a subject-specific finite ele-
ment model of lumbar spine segments could be used to pre-
dict the displacement field of human spine segments under 
physiological loading conditions [20–24]. Other researchers 
investigated whether single-level subject-specific finite ele-
ment models could predict fracture outcomes in three-level 
spine segments under different loading rates [25] or evalu-
ated the feasibility of modeling and performing finite ele-
ment simulation of the whole lumbar spine from routinely 
acquired in vivo clinical data for biomechanical analysis. 
However, these models were mostly compared to data from 
the experimental and computational results in the literature. 
Spinal geometry appears to have a major influence on the 
response of numerical models of the lumbar spine [26–28]. 
Thus, the influence of anthropometrical parameters of the 
lumbar spine needs to be further investigated. The aim of 
this study was to evaluate whether the geometrical subject-
specific finite element (FE) lumbar spine models based on 
a generic state-of-the-art FE model and the state-of-the-art 
clinical CT data combined with the generic material data 
from the literature could replicate the forces, moments, kin-
ematic responses, and fracture locations in a dynamic drop 
tower-test setup as performed and reported by Stemper et al. 
[29].

Materials and Methods

Experiments

The physical basis for this study includes four experimental 
specimens that were tested as part of a larger effort focused 
on quantifying lumbar spine tolerance during dynamic axial 
compression as described in the studies by Stemper et al. 
[16, 29]. All lumbar spine specimens for this study were 
obtained from donors through the Wisconsin Donor Net-
work. Consent for spine donation was obtained from the next 
of kin. The study protocol was approved by the Subcommit-
tee on Human Studies at the Clement J. Zablocki Veterans 
Affairs Medical Center in Milwaukee, WI, USA. Stemper 
et al. experimentally quantified the whole lumbar spine 
(T12-L5) axial tolerance in combined compression and flex-
ion through the use of a drop tower-testing setup (Fig. 1). Of 
the four specimens used for our analysis, one specimen was 
previously used for the analysis in Stemper et al. [16], and 
the other three specimens were not included in that study. To 
ensure compressive flexion loading, the drop tower consisted 
of two decoupled platforms attached to a monorail via low-
friction bearings. Linear accelerometers were used at the 
lower and upper platforms to measure vertical accelerations. 
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The measurements of the forces and moments were per-
formed via a load cell that attached the caudal fixation of 
the specimen to the lower platform. Interaction between the 
upper platform and the superior specimen fixation was in 
the form of a laterally oriented cylinder. A piece of foam at 
the impact interface was used to form a realistic acceleration 
pulse. Specifically, foam was added to lengthen the accel-
eration versus time pulse to match the acceleration pulse 
measured at the seat during military aviator ejections [29]. 
A 32-kg mass was added to the upper platform to simulate 
the torso mass.

The CT scans prior to testing allowed for the evaluation 
of the intactness of each specimen. Cranial (T12) and cau-
dal (L5) vertebrae were mounted in polymethylmethacrylate 
(PMMA) to facilitate attachment to the experimental appa-
ratus. For consistency between the specimens, the L2–L3 
intervertebral disk level was kept close to horizontal in the 
global coordinate system without changing the natural lordo-
sis of each specimen. This was done during the PMMA pot-
ting procedure by holding the spine upright with the L2–L3 
disk level in the horizontal position, allowing the spine to 
maintain its natural curvature, and the PMMA fixative was 

poured into a potting box to cover as much of the L5 ver-
tebra without constraining the L4–L5 intervertebral disk 
and facet joints. The specimens were then preflexed with a 
5 N-m moment in the sagittal plane while minimizing the 
off-center loads. 5 N-m was chosen because this value was 
within the physiologic range of the whole lumbar spine [30]. 
A cable was applied between the platforms to maintain the 
5 N-m preload and to prevent specimen recoil before testing 
and major vertical displacement or impact during dynamic 
testing. Specifically, the cable allowed the upper platform 
to reduce the vertical distance from the lower platform dur-
ing deceleration, inertially compressing the lumbar spine 
specimen; however, it would not allow the upper platform to 
move away from the superior aspect of the specimen. Each 
specimen was exposed to one or more dynamic tests from 
the specific drop heights until injury was detected. Bony 
injury was determined using post-test lateral and anterior-
posterior X-rays, and the soft tissue injury was determined 
by comparing pre- to post-test segmental laxity as indicated 
by the specimen palpation. We also compared pre- to post-
test sagittal flexibility of the spine as indicated by the T12-
L5 motion during a static 5 N-m flexion moment. Testing 

Fig. 1  Lumbar spine vertical 
acceleration model. Obtained 
permission from Stemper et al. 
J Biomech Eng 2011 [29]. The 
arrow on the right shows the 
direction of gravity
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was stopped if bony fracture was identified on post-test 
X-ray. Therefore, testing was stopped for Specimens I, II, 
and III when the fractures identified in Table 1 were identi-
fied. Specimen IV did not sustain bony injury, and segmen-
tal palpation identified laxity at more than one spinal level 
following the second dynamic test. Since segmental laxity 
was indicative of a possible soft tissue injury/subinjury, 
testing was stopped for Specimen IV following the second 
test; however, post-test examination of this specimen did 
not identify any specific soft tissue failure (e.g., ligamentous 
tear). Three-dimensional vertebral kinematics were recorded 
using a Vicon system (Vicon Corp., Oxford Metrics Group, 
Oxford England); this system tracked the three spherical tar-
gets on each vertebra, with one target placed in the anterior 
aspect of the body and one in each transverse process. Local 
Cartesian coordinate system origins were defined at mid-
height and mid-width along the posterior wall of each verte-
bral body. Target motions were used to reconstruct vertebral 
kinematics. 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 ver-
tebra [16]. After each test, each specimen was checked for 
bony fracture, notable changes in the spinal alignment and 
their intervertebral disk heights using X-rays. The endplate 
or soft tissue injury was excluded through specimen palpa-
tion and flexion stiffness assessments. The type of fracture 
and affected spinal level were assessed using X-rays and 
post-test CT scans.

Simulation

Development of FE Models

To perform matched simulation from the Stemper [16, 29] 
experiments, subject-specific geometries were created. For 
the development of the subject-specific FE lumbar spine 
models, CT scans from the Stemper [16, 29] experiments 
were graded according to completeness and resolution (< 
0.4355 × 0.4355, slice thickness 0.625 mm). Based on these 

criteria, four specimens were selected to be reanalyzed and 
converted into FE models. The CT scans of the four lumbar 
spine units (Table 1) were imported into Mimics (Version 
22.0, Materialise, Plymouth, MI) for image segmentation, 
and then a semiautomated threshold method was used to 
segment the six lumbar vertebrae from each subject. Next, 
a smoothing process was performed to remove spikes and 
holes on the surface of the vertebral geometries.

Meshing was performed in ANSA preprocessor software 
(BETA CAE Systems SA, Epanomi, Thessaloniki). Quad 
meshing with a target element length of 2 mm of the outer 
surface of the segmented vertebral bodies was used to model 
cortical bone with a thickness of 1, 1.29, 1.29, 1.39, 1.72, 
and 1.98 mm as in the baseline THUMS v4.01 model from 
T12 to L5. In the corner areas, reconstruction, smoothing, 
and reshape options were used to check if triangular ele-
ments could be avoided to minimize stiffening effects. The 
remaining volume of each vertebra was considered as tra-
becular bone and modeled with tetrahedral elements. Table 2 
lists the mesh quality parameters used to check the mesh 
quality of the shells and solids. After each vertebra was 
meshed using the quality parameters, the model was tested 
and passed the presurface meshing and prevolume meshing 
checks to ensure that there were no penetrations or close 
proximities.

As the CT scans were taken in the supine position, the 
poses of each lumbar vertebra were adjusted to match the 
test position. Therefore, in accordance with previous inves-
tigations on spinal segmental angles [31–38], the interverte-
bral angles illustrated in Fig. 2 were measured in midsagittal 
X-ray images using the image processing software ImageJ 
(http:// rsb. info. nih. gov/ ij/; US National Institutes of Health 
Bethesda, Maryland, USA). The intervertebral angles meas-
ured in this study were T12-L1, L1–L2, L2–L3, L3–L4, and 
L4–L5 in the 5 N-m preflexion condition that was used prior 
to each test. Here, each intervertebral angle was defined as 
the angle of the median plane between the superior and infe-
rior surfaces of the vertebral body on the midsagittal plane. 
A positive angle indicated flexion or an upward angle from 

Table 1  Age, sex, height, 
weight, and injury per 
specimen, which were used as 
the basis for the reconstruction 
of the subject-specific data

*These fractures were regarded as potting fractures and were disregarded as potential artifacts

Specimen no. Age/y Sex Ht/cm Wt/kg Injury Impacts no.

Specimen I 16 F 168 59 L1 right pars interarticularis fracture
L1 spinous fracture
L1-L2 disk disruption
L2 bilateral pedicle fracture
L2 left pars interarticularis fracture

2

Specimen II 45 F 165 89 T12 spinous avulsion fracture*
L1 wedge fracture

1

Specimen III 58 F 165 52 L5 bilateral pars fracture*
L5 posterior superior body fracture*

1

Specimen IV 28 M 183 82 No obvious bony injury 2
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the horizontal plane, while a negative angle indicated exten-
sion or a downward angle from the horizontal plane (Fig. 3). 
The vertebral bodies were adjusted to match the measured 

angles from the X-rays via the definition of local coordinate 
systems for each body and rotation around the facet joints.

Table 2  Shell and solid mesh 
parameters

Shell mesh Solid mesh

Criteria Calculation Failed Criteria Calculation Failed

Aspect ratio PATRAN 10. Aspect Ratio PATRAN 10.
Skewness PATRAN 62. Skewness PATRAN 65.
Warping PATRAN 20. Warping PATRAN 20.
Jacobian ANSA 0.3 Jacobian ANSA 0.3
Min. angle quads IDEAS 20. Min. angle tetras ABAQUS 20.
Max. angle quads IDEAS 160. Max. angle tetras ABAQUS 150.
Min. angle trias IDEAS 15. Min. angle pentas ABAQUS 13.
Max. angle trias IDEAS 120. Max. angle pentas ABAQUS 160.

Min. angle hexas ABAQUS 20.
Max. angle hexas ABAQUS 160.
Collapse 0.2

Fig. 2  Modeling approach for the detailed subject-specific lumbar 
spine units. The segmented vertebrae surfaces from the CT data are 
first smoothed. Then, the vertebrae are discretized using a meshing 

procedure and positioned to match the pretest position form measured 
in the X-rays. Afterward, disks and ligaments from THUMS v4.1 are 
integrated through a semiautomated morphing process
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The geometry of the soft tissues, including disks, carti-
lage, and ligaments, was extracted from THUMS v4.1 and 
integrated into the positioned vertebrae by morphing in 
ANSA [39]. Material properties from THUMS v4.1 ESI008 
(Table 3) were assigned to the structures. After the assem-
bly of the model, reference points and section forces were 
integrated in each subject-specific model as described in the 
OSCCAR project [40] (Fig. 3).

Boundary and Loading Conditions

Finally, each subject-specific lumbar spine unit was rigidly 
attached via node constraints to upper and lower speci-
men pots to simulate PMMA embedding in Visual-Crash 
PAM (ESI Group, Rungis, France). To globally position the 
subject-specific lumbar spine units (LSUs) in the simula-
tion setup, the distance of the lower potting to L5 in the x- 
and z-directions as well as the tilt angle of L5 to the global 
x-axis in the X-rays were measured. The height and tilt of 
the upper potting along with the position of the impactor for 
a nonstructural mass of 32 kg were individualized for each 
specimen according to pretest X-rays. Afterward, the upper 
potting was translated in the z-direction to the same position 
on the cranial end of the LSUs as shown in the X-rays. To 

model the relative movement between the upper potting and 
the impactor, a frictionless self-contact was implemented. 
On top of the impactor, a plate was added to the simula-
tion setup, limiting the movement of the impactor in the 
z-direction in the rebound phase.

The outputs were analogously defined to the specimen 
experiments; forces and moments were measured in the 
global coordinate system via section forces in the upper 
and lower specimen pot. The accelerations measured in the 
experiment in the lower platform were applied as input to the 
lower specimen pot below the section force. This prevented 
the force and moment measurements from being influenced 
by the applied accelerations.

Boundary conditions for the cylinder and the lower plat-
form allowed translation in the global z-direction and rota-
tion around the global y-axis. In addition to the forces and 
moments, the vertebral kinematics were measured, as in the 
experiment. Gravity was applied to the entire setup as an 
acceleration field (Fig. 3).

Model Evaluation & Material Properties

The subject-specific models were evaluated against the 
specimen test data by comparing the kinetics (forces and 

Fig. 3  Simulation setup with vertebral and global coordinate system, 
in which the lumbar spine unit was aligned in the setup according to 
pretest X-ray data (left). Picture on the right shows the definition of 

the sign convention used in this study. Positive angle is defined as 
flexion, negative angle is defined as extension. BC boundary condi-
tion
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moments measured at the caudal end) and vertebral kin-
ematics. In the experiments, the target motions were used 
to reconstruct vertebral kinematics, and sagittal segmen-
tal angulation was computed for each segment (T12–L1 
through L4–L5). A similar approach to analyze vertebral 
kinematics was performed in our study on the subject-
specific data. Local coordinate systems defined in each 
vertebral body were used to calculate sagittal vertebral 
angles. For the calculation of the signs of the angles (nega-
tive—extension, positive—flexion), a plane was defined, 
which was spanned by two local x-vectors in the sagittal 
plane. The sign of the resulting vector product between the 
two local x-vectors defined the opening angle.

A stepwise reduction analysis was conducted to inves-
tigate the effect of the model’s spinal structures on the 
kinetics and vertebral kinematics. The capsular ligament 
(CL) and annulus fibrosus were found to have the greatest 
influence on vertebral kinematics. Therefore, the material 
properties for the capsular ligament (CL) and the annu-
lus fibrosus of THUMS v4.1 were modified to match the 
vertebral kinematics: Experimental results of the uniaxial 
tensile test available in the literature [41] were evaluated 
and directly input into the 103 material model for the CL 
in Visual-Crash PAM 17.5.2. The annulus fibrosus stress‒
strain curve in tension and compression from THUMS 
v4.1 was modified by implementing material properties 

Table 3  Vertebral body, intervertebral disk, and ligament material definitions used in the lumbar models

Components marked with * have been modified from the baseline THUMS v4.1 ESI 008. The stress–strain curves for the annulus fibrosus 
ground matrix were fitted to the average stress–strain responses used in Newell et al. [42]
MATTYP = Material type in the VPS; E = Young’s Modulus; �P = Yield Point; G = Shear Modulus; k = Stiffness; K = Bulk Modulus; 
� = Poisson`s Ratio; � = Mass Density; �y = Yield Stress

Component Material type and parameters in VCP

Vertebral body Elastic Plastic with Isotropic Damage for Shell Elements
Stress–Strain Law Curves Formulation (MATTYP 16)

Cortical bone Mass density � = 2.00E − 06
kg

mm3
Young’s modulus E = 13.02GPa

Poisson’s ration � = 0.3 Yield point �P = 0.08

Elastic Plastic with Damage and Failure for Solid Elements
Stress–Strain Law Curves Formulation (MATTYP 105)

Cancellous bone Mass density � = 1.00E − 06
kg

mm3
Shear modulus G = 0.0166667GPa

Yield  point �P = 0.0018 Bulk modulus K = 0.022222GPa

Intervertebral disk Elastic-Plastic Solid with Isotropic and/or Kinematic Hardenings
Bilinear Stress–Strain Law Formulation (MATTYP 1)

Nucleus pulposus Mass density � = 1.00E − 06
kg

mm3
Shear modulus G = 4.33E − 06GPa

Yield stress �y = 1.30E − 05GPa Bulk modulus K = 0.0217GPa

Annulus fibrosus* General Nonlinear Solid Foam (MATTYP 45)
Mass density � = 1.00E − 06

kg

mm3
Young’s modulus E = 0.0021GPa

Non-Linear Tension-Only Bar Elements (MATTYP 205)
Mass density � = 5.33E − 06

kg

mm3
Stiffness k = 375kN

Null Material for Shell Elements (MATTYP 100)
Mass density � = 1.00E − 06

kg

mm3
Young’s modulus E = 17.3GPa

Poisson’s ration � = 0.3

Ligaments Layered Material for Membrane Elements with Linear Fibers (MATTYP 150)
PLL/ALL Mass density � = 1.00E − 06

kg

mm3
Shear modulus G = 0.0003325GPa

Poisson’s ration � = 0.00 Young’s modulus E = 0.00325GPa

ITL/ISL/LF Mass density � = 1.00E − 06
kg

mm3
Shear modulus G = 0.001545GPa

Poisson’s ration � = 0.22 Young’s modulus E = 0.01508GPa

LN Mass density � = 1.00E − 06
kg

mm3
Shear modulus G = 0.00309GPa

Poisson’s ration � = 0.00 Young’s modulus E = 0.03016GPa

Elastic-Plastic for Shell Elements
Single Stress–Strain Curve Points Formulation (MATTYP 103)

CL* Mass density � = 1.16E − 06
kg

mm3
Young’s Modulus E = 0.0037GPa

Yield stress �y = 0.0023GPa Poisson’s ration � = 0.45
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from previous finite element studies available in Newell 
et al. [42] (Table 3).

Vertebrae Injury Predictors

To determine the mechanism of vertebral compression frac-
ture and to identify threshold values, the pressure and first 
principal stress in the spongiosa as along with the first and 
third principal strains in the corticalis were investigated. 
This analysis was performed by determining the area of peak 
stress and strain in each vertebra at the time of experimen-
tal peak force. Fracture was defined as a gross structural 
failure predicted to occur when several adjacent elements 
exceeded a certain threshold [43], whereas a single element 
exceeding a threshold was more likely to be a simulation 
artifact. Therefore, the maximal and minimal values of the 
contour plots of the four models were set to the same overall 
maximal and minimal values identified from any of the four 
models. The contour plots were then filtered until only the 
elements defining a region of likely fracture were shown.

Results

Subject-specific geometrical models of 4 PMHS lum-
bar spines, including three female lumbar spines and one 
male lumbar spine, were created, and their responses 
were compared to the experimental data. Table  1 lists 

anthropometrical data from these four lumbar spines. One 
of the lumbar spines had no evidence of bony injury, while 
two specimens had sustained fractures near the fixation of 
the spine components. These fractures were excluded from 
the subsequent evaluation process, as they were fixation frac-
tures that had occurred after the primary fracture, when the 
spine had become unstable. Therefore, only two different 
fracture types, a wedge fracture and a fracture in the poste-
rior part of the vertebra, were considered.

Figure 4 shows the lumbar spine models that were created 
after segmentation of the vertebrae and meshing, positioning 
and integration of soft tissue with THUMS v4.1, through 
morphing in equal scaling. The degree of pretest lumbar 
lordosis was quantified as the Cobb angle; that is, the angle 
from the topmost endplate of T12 to the bottommost end-
plate of L5. This angle ranged from − 60.4 (major kyphosis) 
to − 14 deg (minor kyphosis).

FE Model Comparison

The responses of the simulation models were compared 
to the responses reported in the experiment. The kinetic 
responses for the z-force and y-moment can be found in 
Fig. 5. Figure 6 shows the kinematic responses measured 
within the functional spine unit in which the fracture 
occurred in the experiments, with the time of the peak 
force highlighted. For specimen I, an extension between 
L1 and L2 resulted in fractures in the posterior region. 

Fig. 4  Different postures from the four reconstructed lumbar spine (T12-L5) models after application of 5 N-m preload. The Cobb angles meas-
ured for each specimen from the top endplate of T12 to the bottom endplate of L5 is provided
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Fig. 5  Comparison of the 
z-forces and y-moments 
between the experimental 
(black lines) and simulation 
results from the subject-specific 
models (colored lines). Z-forces 
and y-moments have the highest 
amplitudes and are considered 
to have the highest potential 
for injury causation in this load 
case. Vertical black line marks 
the time of the experimental 
peak force
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Specimen II experienced flexion between T12 and L1, 
which resulted in a wedge fracture at L1. No fracture was 
detected for specimens III and IV. Until the time of the 
experimental peak force, the simulation responses and 
experimental responses showed good agreement.

Analysis Regarding Fracture Prediction Capabilities

Generically, the fracture types observed in the experiment 
could be divided into vertebral body fractures (specimen 
II) and posterior element fractures (specimen I). In this 

Fig. 5  (continued)
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study, the pressure in the spongiosa was found to be the 
best indicator for fracture initiation. The time of the exper-
imental peak force coincided with the time at which the 
highest pressures occurred in the specimens. In the simu-
lation, the specimens (specimen II) with body fractures 
showed high pressure in the vertebral body. However, the 
specimens (specimen I) with posterior element fracture 
showed the highest pressure in the posterior elements of 
the vertebra.

In Fig. 7 shows the maximum pressure in the spongiosa 
of the vertebral bodies for each specimen model at time of 
peak force. The default color scheme was manually filtered 
until only the areas with high pressure were visible, result-
ing in a lower limit of 0.7 MPa. Specimens I and III had no 
areas with a pressure higher than 0.7 MPa, specimen IV 
showed an area with a pressure of 2.3 MPa at the anterior L4 
bottom endplate, and specimen II had a distinct area with a 

pressure up to 3.5 MPa at the T12-L1 level (higher pressure 
at anterior T12 bottom endplate).

Fig. 8 shows the maximum pressure in the spongiosa 
for the complete vertebrae for each specimen model at the 
time of the peak force. The same visual filtering process as 
described in the section above was applied for this evalua-
tion; a lower pressure value of 0.86 MPa and an upper limit 
of 6.5 MPa were obtained. Specimens I (L1–L2 level) and 
III (T12-L2 level) showed distinct areas with high pressure 
in the laminae and the transition to spinous processes. The 
areas of high pressure in specimen III showed no fracture 
in the experiment and included a lower number of elements 
compared to specimen I, which showed fractures in the pos-
terior part. Specimen II showed high-pressure areas in the 
T12 bottom, L1 upper and bottom and L2 upper endplates, 
and specimen IV showed high-pressure areas spanning over 
both regions in the entire model (Fig. 8).

Fig. 6  Representative compari-
son of the angular displacement 
between the experimental (black 
line) and simulation results 
from the subject-specific models 
(colored lines) for an extension 
injury (A) and a flexion injury 
(B). Angular displacements 
for both models are zeroed by 
subtracting the respective initial 
angles
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Discussion

The goal of this study was to investigate whether geometri-
cally subject-specific FE lumbar spine models based on a 
generic FE model could replicate experimental responses 
and fracture locations in a dynamic drop tower-test setup. 
The study involved a direct comparison of four geometrically 
subject-specific FE models. Geometrically subject-specific 
models were generated from CAD vertebral data based on the 
experimental CT scans with the soft tissue parts of THUMS 
v4.1 integrated [44, 45]. Overall, we found that our models 
compared reasonably well to the experimental data and that 
our presented models could be used to predict results for a 

specific subject. Our method of geometric individualization 
used with constant material parameters reduced the neces-
sary level individualization to a minimum, which could help 
to ease lumbar safety analysis in dynamic environments. Our 
results could serve as an orientation for the further develop-
ment of the parameters of fracture prediction in the lumbar 
spine using crash simulation and human body models.

Representativeness of the Models 
for the Population

The angle measured from the top of T12 to the bottom of 
L5 ranged from minor kyphosis (− 14°) to major kyphosis 

Fig. 7  Vertebral body fractures—Finite element model stress field 
maps of the maximum pressure in GPa of the spongiosa of the verte-
brae bodies at the moment of peak force. The final step of the filter-

ing is shown and shows how the distribution of pressure is allocated. 
In ROI, the area of highest pressure is shown. Posterior elements are 
removed, to concentrate evaluation to vertebral bodies
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(− 60.4°) in our models (Fig. 4). Izumiyama et al. analyzed the 
lumbar lordosis of males and females in the standing position 
[45] and in sitting with different seatback recline angles [44]. 
They found kyphotic lumbar lordosis for both asymptomatic 
males and females in the standing position (− 9.2° to − 45.6°) 
as well as for sitting with a reclined seatback angle (− 2° to 
− 25.3°). Our spines, which were preflexed to 5 N-m, had 
somewhat higher kyphotic curvatures at the time of testing. 
Based on this result, it appeared that the lumbar curvatures 
within our models were representative of the field of interest.

The choice of experimental model for this study was 
based on replicating lumbar spine biomechanics during 
high-rate vertical loading situations in military and civilian 
environments such as pilot ejections, helicopter crashes, and 
falls from height onto the pelvis [29]. In those situations, the 
pelvis is accelerated/decelerated and produces inertial com-
pressive loads on the lumbar spine against the mass of the 
torso. This type of loading was replicated using decoupled 
platforms in the current experimental model [29], where the 
base of the lumbar spine was decelerated with the lower 
platform at the bottom of the drop tower, while the simu-
lated torso mass attached to the upper platform produced a 
dynamic inertial compression load on the superior aspect of 

the lumbar spine. This novel experimental design is different 
from prior studies of lumbar spine compressive tolerance 
that produced dynamic compression to the superior aspect 
of the lumbar spine using an impact from a pendulum or 
falling mass [46, 47].

Model Generation

The specific aim of creating the FE models of the lumbar 
spine used in this study was to utilize existing models that 
were commonly applied in the design of automotive safety 
systems. Therefore, the disks, ligaments, and capsular liga-
ments were modeled as in THUMS v4.1. Furthermore, 
although the current modeling method used the bone surface 
of the facets to represent the anatomical shape of the facet 
cartilage surfaces and their respective gaps, the insertion of 
the capsular ligaments was generalized. Another limitation of 
the current method was that the intervertebral disks were not 
subject-specific disks based on medical image data but rather 
were transformed disks fit to the endplates of the subject. 
This aspect continues to be a focus in our ongoing studies.

In addition, the techniques used in this study utilized the 
sagittal alignment and positioning of the lumbar vertebral 

Fig. 8  Posterior element fractures: Finite element model stress field 
maps of the maximum pressure in GPa of the spongiosa of the ver-
tebrae at the moment of peak force. The final step of the filtering is 

shown, and the distribution of pressure allocation is provided. In ROI, 
the area of highest pressure is shown
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bodies from the pretest X-rays in 2D (the position in the 
frontal plane was maintained as in the CT scan). The CT-
scanning objects in the pretest configuration could also gen-
erate information regarding the position in the frontal plane. 
Maintaining the scanned alignment ensured that the soft tis-
sues were placed in a physically realistic location; however 
this did not account for any stress on the soft tissues at the 
time of the scan. This is a common problem in subject-spe-
cific modeling [48]. Incorporating a CT dataset with subjects 
in known, consistent and physiologically representative posi-
tions could potentially allow for more consistent modeling 
and alignment. Segmentation was performed via threshold 
definition and manual postprocessing as is state-of-the-art; 
however, threshold definition is dependent on the resolu-
tion of the CT data, and the necessary manual processing 
represents a source of uncertainty. In addition, a limited 
number of lumbar spine LSUs based on CT data resolu-
tion and completeness requirements on the CT data were 
used for model generation. A larger number of lumbar spine 
units were needed to generalize the findings in other specific 
spinal alignment patterns. Finally, the experimental setup 
was abstracted in the numerical implementation by applying 
the measured acceleration to the bottom potting based on 
the basic mechanical understanding and experience in the 
present study. This abstraction could introduce uncertainties 
into the system, which could weaken the reliability of the 
results. For future work, a more symbiotic development of 
experiments and simulations could enable the objectifica-
tion of the modeling of injury mechanical experiments [49].

Comparison to the Experimental Data

The goal of our comparison was to evaluate a set of subject-
specific model geometries using the same general material 
properties. In the true human population, material proper-
ties in the lumbar spine considerably vary and affect bio-
mechanics [50]. Therefore, in line with a priori estimation, 
our models did not match the full range of results because 
we only included the geometric variation in our models and 
did not consider the material property variation. Our studies 
showed that our models could be used to reliably evaluate 
lumbar spine biomechanics, specifically within our intended 
research context of the replication of the vertebral kinemat-
ics, kinetics and fractures with a dynamic compression 
setup. In addition, the material properties were either mod-
eled as in THUMS v4.01 or in the case of annulus fibrosus 
and CL taken from healthy, non-degenerated disks, and facet 
joints, respectively. 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 [51]. Therefore, future studies should use the 
example Natarajan et al. [52–54] to investigate how degen-
eration affects highly dynamic loading conditions.

Fracture Prediction

In summary, the posterior elements of specimens I and III 
were fractured in the experiment. From our simulations, we 
found that the posterior parts had significantly higher pres-
sure values compared to those from the anterior parts of 
these two specimens. Specimen II had a wedge fracture in 
L1 in the experiment, and excessive pressure was detected 
at the T12-L1 level and was particularly concentrated at the 
bottom endplate of T12. However, Specimen IV did not 
exhibit any bony injuries during the experiment, although 
an elevated pressure was observed.

Furthermore, our results indicated that a correlation 
between the initial orientation of the spine and the injury out-
come was present. Apparently, the specimens with a larger 
Cobb angle tended toward fractures in the posterior region, 
whereas the specimens with a smaller Cobb angle tended to 
show fractures in the anterior part of the vertebral body. The 
model complexity required to accurately predict the subject-
specific outputs, including the potential influence of unknown 
or not validated material properties, which needs to be further 
investigated in future studies. The fracture threshold differed 
between the vertebral bodies and the spinal processes with 
different maximum fracture predictor values. The size of the 
endplate area, which was significantly larger for males (size of 
endplate specimen IV, male 1430.6  mm2; 1566.0–1925.1  mm2) 
[55], could potentially influence the vertebral kinematics and 
therefore the injury outcomes [55, 56]. Large population-based 
probabilistic studies similar to the study design from Niemeyer 
et al. [27] is an appropriate way to analyze how the individual 
anatomical measures influence biomechanics. Future work 
should involve an investigation of the relevant geometrical 
anthropometrical spine parameters and the application of our 
findings in crash simulations with full bodies.
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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 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 experiments. 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 (HBMs) to investigate
lumbar injury mechanisms with FE models.
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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

 

1 3



72 7 Paper II

International Journal of Legal Medicine

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.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s00414-
024-03225-z.
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8 Application in Generic Environment

In Paper I, an evaluation methodology was developed to identify lumbar spine injury
risks. Paper II investigated to what extent the lumbar spine of the HBM needs to be
individualized to detect injuries. This chapter combines the evaluation methodology
from Paper I with the necessary degree of individualization from Paper II and evaluates
the HBM response in a full-scale load case in a generic environment. Therefore, a
previously generated magnetic resonance imaging (MRI) dataset of one volunteer in
three different reclined seating angles was analyzed and compared to Total HUman
Model for Safety (THUMS) v4.1 individualized according to findings from Paper II.
The response of those setups was evaluated regarding lumbar vertebrae fracture risks
with considerations from Paper I applied afterwards.

8.1 Materials

The available data, which form the basis for the subsequent study, is described in the
following section. In the following section Upright MRI, the imaging modalities, and
configurations for the image acquisition with upright open magnetic resonance imaging
(named upright MRI in the following) are described.

Upright MRI

To clarify spinal injury mechanisms, it seems essential to gain knowledge about the
initial whole spinal alignments in reclined positions. The entire alignment of the spine
was evaluated using medical imaging in both supine (Parenteau et al., 2014) and
standing positions (Hardacker et al., 1997; Janssen et al., 2009; Ames et al., 2013;
M. S. Park et al., 2013). It is of particular importance for traffic safety research
that the spinal alignment is described in representative postures for vehicle occupants
(Chabert et al., 1998; Klinich et al., 2004; 2012; Reed and Jones, 2017; Sato et al.,
2017; Izumiyama et al., 2018; Sato et al., 2019; Izumiyama et al., 2022).

Chabert et al. (1998) investigated the entire alignment of the spine of a male cadaver
in a standard vehicle seat. The alignment of the cervical spine in a vehicle seat with a
19 deg backrest angle was the subject of the volunteer studies by Klinich et al. (2004,
2012) and also Reed and Jones (2017). The volunteer studies by Sato et al. (2017,
2019) each examined representative spinal alignments in vehicle seats with seatback
angles of 20 deg and 25 deg from C2 to the sacrum and the relationship between the
cervical, thoracic and lumbar spinal alignments. Recently, Izumiyama et al. (2018,
2022) analyzed the spinal alignment in vehicle seating postures with a recline angle of
24 deg (2018) and 45 deg in a subsequent study in 2022. However, these studies only
covered a single automotive seating posture or small variations to a base single posture.
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Besides, these studies focused on angular measurements of single spinal segments.
Consequently, the impact of differing seat back inclinations on the initial whole spinal
alignment of automotive occupants remains to be determined.

For the radiation-free determination of the spinal curvature and the orientation of
vertebral bodies in volunteers in alternative seating positions by means of a reclined
seat back (seat back angle > 25deg), two methods are currently used: non-invasive
skin-surface methods and MRI methods. A skin-surface method, the Spinal Mouse
introduced by Mannion et al. (2004), was used by Unger and Hintze (2019) on 25
volunteers to provide a database of different spinal curvatures among different seating
positions. However, studies showed that even if the Spinal Mouse data is reliable, in
comparison with standard radiography limited information on the positions of the
vertebrae can be obtained (Ripani et al., 2008; Hanesch et al., 2021). Draper et al.
(2019) investigated the spinal alignment of one volunteer via scanning the superficial
skin layer by a Faro Arm. The authors posit that the manner in which the spine is
positioned remains uncertain due to the limitation of the technique in enabling external
marker measurement. According to them, using this superficial scanning technique
only is not sufficient to determine an unambiguous spinal position and combined their
measurements with an upright MRI.

Thus, the spinal curvature in different seating configurations and the impact of the
inclination of the seat back on spinal alignment was assessed by comparing automotive
seating postures in 20 deg, 40 deg, and 60 deg seat back angles via three-dimensional
(3D) computer aided design (CAD) objects representing the bony structure of the pelvis
and vertebral bodies, which were created based on MRI scans of a volunteer. After
approval of the Ethics Committee1, the Biomechanics and Accident Research Group at
the Institute of Legal Medicine of Ludwig-Maximilians-Universität Munich (LMU) was
commissioned by Volkswagen to perform the acquisition of the radiation-free images.

Subject

A 50th percentile asymptomatic male (height 177 cm, weight 76 kg, age 39 yrs.) with
no previous medical history in the spine or pelvis was recruited as volunteer. There is
a signed consent form for the examination as well as for the data analysis.

Posture Definition

The selected seating configurations defined in preliminary studies included a driving
position with 20 deg, a comfort position with 40 deg and a rest position with 60 deg
backrest inclination. Via a seat wedge, a seat surface inclination of 20 deg to the
horizontal is maintained for all three configurations (Figure 8.1). The volunteer’s feet
could be placed on a footrest during the recordings.

1 The investigation was additionally reviewed and approved by Volkswagen’s internal ethics committee.
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Figure 8.1: Schematic of MRI acquisition setup for the A driving, B working and C
resting position in sagittal view relative to gravity (g) after rotation of the back rest and
reduction/enlargement of the seat opening angle through a seat wedge.

Image Acquisition

A total of four separate images were taken for each sitting position for the pelvis, lumbar
spine, thoracic spine, and cervical spine. Additionally, the spatial orientation of the
head, humerus, and femur were documented during the scanning process. MRI datasets
were acquired radiation-free using a 0.6 T upright MRI machine (Fonar Upright MRI,
Fonar Inc., Melville, NY). For the sagittal slice images, T1 weighting with 1.5 mm
slice thickness, 512 x 512 pixel matrix size and 40 x 40 mm2 field-of-view was chosen
(3D gradient echo). After quality control, the two-dimensional (2D) slice images
were co-registered via image processing software and processed into 3D CAD objects
(Figure 8.2).
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Figure 8.2: Spatial position of the 3D objects of three seating positions A relative to the
seat surface B with a congruent pelvis.

8.2 Methods

The methodological approach, the models used and their modifications, to achieve the
objective of this study are described in the following section. In subsection 8.2.1, the
use of the 3D segmented MRI data from section 8.1 for positioning the THUMS v4.1 is
described. The generic seat setup used to investigate the differences in spinal kinematics
and spinal force response is presented in subsection 8.2.2. In subsection 8.2.3, the
comparison of the lumbar spine postures of the MRI data is described. At the end of
this section, in subsection 8.2.4 the integration of the positioned models in the sled
test setup and the selection of the relevant evaluation parameters are presented.

8.2.1 Creation of FE-HBMs

The segmented MRI data has been used to position the standard THUMS v4.1 model,
which is supplied in one occupant position. Therefore, the MRI data has been positioned
in the global coordinate system and the pelvic angle (PA) measured from anterior
superior iliac spine (ASIS) to Pubic Tubercle relative to the global coordinate system
has been determined. The THUMS v4.1 model was rotated to match the THUMS
pelvis to the measured PA. Via translatoric displacements the MRI data was shifted
in z-direction to match the bottom edge of the THUMS v4.1 pelvis and in x- and
y-direction, so that the middle of the S1 plateaus are matching (Figure 8.3).
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Figure 8.3: Alignment of the MRI data to THUMS v4.1

After the alignment of the MRI data to the THUMS pelvis, a spline through the
center of gravity (COG) of the intervertebral discs (IVDs) was generated in sagittal
position. This spline was used to determine the displacements needed to position the
THUMS v4.1 vertebral bodies. In the cervical area care was taken to keep a horizontal
position of the head. A simulation process was used to position the THUMS v4.1
(Figure 8.4). At last, the extremities were correctly positioned.

Figure 8.4: Process of using the MRI data for positioning of the THUMS v4.1 spine.
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8.2.2 Generic Seat Setup

The full-scale simulations were conducted in a sled test configuration with a semi-rigid
seat. This seat setup was initially developed and used by Uriot et al. (2015) to assess
the submarining behavior of post mortem human surrogates (PMHS) in an upright
seating position. This seat was also utilized by Richardson et al. (2019); the authors
wanted to establish biofidelity targets and determine the biomechanical response of
PMHS in reclined seating positions. In addition to the aforementioned test series, the
semi-rigid seat was also used in a further series of experiments by the University of
Michigan Transportation Research Institute and Medical College Wisconsin (MCW).

A FE model of the physical generic environment used in reclined PMHS tests (Richard-
son et al., 2019) was developed by Mroz et al. (2020) in LS-DYNA. The LS-DYNA
model has been translated to PamCrash and validated against the setups in LS-DYNA
in the scope of the OSCCAR project.

The model consists of two adjustable plates: the seat and submarining pans. The seat
pan angle and the other submarining pan angle were adapted to the surface geometry
of the respective position. The respective angles are summarized in Table 8.1. The
seat setup was equipped with a three-point belt system with dual lap-belt as well as
shoulder belt pretensioner and a force limited shoulder-belt. For a more comprehensive
understanding of the system, it is recommended to refer to Mroz et al., 2020.

Table 8.1: Mechanical design and specifications of the semi-rigid seat as used in this study.

Feature Parameter name Parameter setting Value

Seat pan length 280 mm
Springs seat pan side (SS) SeatP_fs 51128 128 N/mm (2x)
Springs seat pan center (CS) SeatP_fc 52379 379 N/mm (2x)
Engagement center spring 8 deg / 28 mm
Springs anti-sub ramp SeatP_f 52132 132 N/mm (2x)
Stop anti-sub ramp Not included
Load cells 3x
Anti-rebound function Off*

Seat pan initial angle SeatP_ry 0.5 15.5 deg
Anti-sub pan initial angle: SubP_ry

20 deg -17 15.5 deg
40 deg -1.8 30.7 deg
60 deg -17 15.5 deg

Anti-sub pan vertical position SubP_z 0.0
Seat pan initial gap SeatP_ig 28 28 mm

*Deactivated spring 241426 (seat pan) as well as springs 241456 and 241457 (sub pan)
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Figure 8.5: Model of the semi-rigid seat
(front seat configuration).

Figure 8.6: Full-frontal, single 30-g
(51 km/h ∆V) pulse.

8.2.3 Variabilities of the Spinal Alignment in Different Recline Positions

For the investigation of the differences in alignment of the vertebral bodies, local
coordinate systems have been defined for 20 deg, 40 deg, and 60 deg seat back angles in
the 3D CAD data as described in chapter 5 for T12 to L5. Figure 8.7 shows the center
point of T12 to L5 and the anterior endpoint of the local x-axis for the three different
seatback recline angles.

(a) Pelvis relative to seat surface (b) Congruent pelvis

Figure 8.7: Spinal alignment with 20 deg, 40 deg, and 60 deg seat back angles with (a)
pelvis relative to seat surface, and (b) congruent pelvis.

Figure 8.8 summarizes the most important contrasts between the studied postures.
The pelvic angle is defined here as the angle between the connection of ASIS and
posterior superior iliac spine (PSIS) and the global coordinate system in the sagittal
plane. The intervertebral angles are measured from the local x-axis of one vertebra
to the local x-axis of the adjacent vertebra. The lumbar lordosis is determined from
the caudal aspect of L5 to the cranial aspect of T12 in the same coordinate system.
Besides the pelvic angle was measured in the respective MRI coordinate system (as
shown in Figure 8.8).
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Figure 8.8: Intervertebral angles in the lumbar area, lumbar lordosis (LL), and pelvic
angle (PA) for three different seat recline angles.

Level 20 deg 40 deg 60 deg ∆ 40 deg ∆ 60 deg

T12 - L1 3.55 4.02 4.74 0.47 0.72
L1 - L2 -0.40 -2.55 1.23 -2.15 3.78
L2 - L3 -8.15 -2.68 -4.25 5.47 -1.57
L3 - L4 -8.05 -6.34 -7.09 1.70 0.75
L4 - L5 -3.61 -6.00 -10.69 -2.40 -4.69

Lumbar Lordosis (LL) -20.54 -24.64 -25.30 -4.10 -0.96

Pelvic Angle (PA)
left 102.95 101.97 131.37 0.98 29.40
right 101.59 100.52 122.03 1.07 21.51

8.2.4 Investigation of the Global Behavior of the Positioned Spines Using
the Generic Seat Test Setup

Material properties of IVDs as well as material properties of capsular ligaments were
adapted as previously described in Paper I and Paper II. Afterwards all positioned
models have been seated with gravity and belted (Figure 8.9). These occupant models
were then all subjected to a full-frontal, single 30-g (51 km/h ∆V) pulse (Figure 8.6).
The crash pulse corresponded to the pulse used in several previous PMHS tests (Uriot
et al., 2015; Richardson et al., 2020a).

Figure 8.9: Positioned and belted FE simulation models in generic seat environment for
20 deg, 40 deg, and 60 deg recline angle.
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8.3 Results

All HBM simulations were launched with a target termination time of 120 ms, and all
models achieved a normal termination.

8.3.1 Analysis of Occupant Kinematics

The global kinematics of all three postures at four different states can be seen in
Figure 8.10. The first state is the initial state at time 0 ms, the second state is the
state at the time of highest acceleration (40 ms), the third state is the state where the
highest pressure occurs, and the last state is at 100 ms at the start of the rebound
phase. No submarining was observed in any case. In accordance with the majority of
PMHS tests, the HBMs pelvis was well restrained via the lap belt, that allowed the
occupant’s upper body to lean forward into the shoulder belt. In the driving position
(20 deg), both the pelvis is effectively constrained via the lap belt and the torso is
equally well restrained via the shoulder belt. In contrast, in the reclined positions the
torso is mainly restraint via the lap belt and the shoulder belt intervenes much later.
Overall, in the driving position there is a folding of the upper body towards the lower
body, what leads to greater forward displacement compared to the reclined position,
which tends to roll in.

Figure 8.10: Kinematic results of the upright (20 deg) and the two reclined positions
(40 deg and 60 deg).



90 8 Application in Generic Environment

8.3.2 Lumbar Kinematics

For the seating position of 20 deg, as shown in Figure 8.11, the kinematics of the
lumbar spine is an extension between T12 and L1, L1 and L2 as well as L2 and L3,
followed by a flexion across all lumbar spine levels. The 40 deg posture kinematics track
a similar trajectory but stay in flexion only across the lumbar levels. The kinematic
characteristics of the 60 deg posture exhibit notable divergence from those observed in
the other two postures: T12 to L1 are characterized by a flexion, where all other levels
show initial extension, followed by flexion.

Figure 8.11: Angular kinematic results of the THUMS v4.1 upright (20 deg) and two
reclined positions (40 deg and 60 deg) as measured at the lumbar spine. Positive angles
denote flexion; negative angles denote extension.

The lumbar spine’s pressure distribution for each posture was evaluated as proposed in
Paper I (Figure 8.12). Pressure was higher on anterior aspects of lumbar spine vertebrae
for all postures. The area of pressure concentration is increasing with increasing recline
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angle. The location of highest pressure is more caudal (towards L5) in the 20 deg
posture and relocates more cranial (towards T12) with higher recline angles.

Figure 8.12: The stress field maps depict the maximum pressure in GPa of the spongiosa
of the lumbar vertebrae at the instant of maximum peak force for each model.
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8.4 Discussion

The objective of this application study was to test the findings of Paper I and Paper II
in a full-scale load case and a generic seat setup, which is commonly used not only
in simulation load cases but also for the acquisition of experimental test data with
PMHS. In this section, the peculiarities and limitations, which are inherent to the used
materials, are highlighted. In the aftermath, the HBM kinematics as well as the injury
detection methodology and their significance for applications in actual automotive
environments are discussed.

8.4.1 Materials

MRI data

The MRI data used for the positioning of the HBMs was, at the time the study was
conducted, a unique data set in terms of information content (three different recline
postures) and accuracy (MRI data), commissioned by Volkswagen to investigate the
positioning of human models. Nevertheless, the acquired MRI data in this study
represent only one individual. Even after elaborate pre-selection of the individual,
representativeness for an entire population is not guaranteed. The curvature of the
individual’s spine is not very pronounced, especially in the thoracic region, which
results from the individual anatomical characteristics of the volunteer and represents a
not infrequently occurring normal variant.

Taking a closer look at the lumbar level (Figure 8.8) it becomes obvious that for the
upright posture all levels from L1 to L5 are in extension fitting a Gauss distribution -
meaning being more pronounced in the center of the lumbar column. While for the
40 deg recline position still all levels being in extension, the higher lordosis angles are
shifted in the direction of the caudal end of the lumbar column. Whereas in the 60 deg
recline position lordosis starts at the L2-L3 level and is ascending towards the caudal
end. The highest lordosis angle is at L4-L5 level in the 60 deg recline posture. The
lumbar lordosis (LL) of the volunteer’s spine is -20.54 deg in upright position, -24.64 deg
in 40 deg recline position and -25.3 deg in 60 deg recline position. In other words, while
the LL is increasing with increasing recline angle, the local lordosis is shifting from
cranial to caudal lumbar level.

With regard to the population and the lumbar spine region, it seems that the spinal
curvature of the selected volunteer is well within what was reported in the literature.
Izumiyama et al. (2018) report a LL of -0.90 ± 9.21 deg for males in automotive seating
positions with a seat recline angle of 24 deg in an X-ray study. In a subsequent study
Izumiyama et al. (2022) reported on average LLs of -5.8 deg for 24 deg seat recline
angles, -11.3 deg for 35 deg seat recline angles and -17.7 deg for seat recline angles of
45 deg. The study found that a change in posture from 24 deg to 45 deg resulted in
not only a pelvic rotation posteriorly, but also a lumbar lordosis in all subjects. In
this study pelvic rearward rotation and increase of LL was found. In contrast to the
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studies by Izumiyama et al. (2018, 2022) the initial LL was higher and the change of
LL with increasing seat recline was slightly smaller. This might be reasoned through a
lumbar support which is common for automotive seat systems and lacking in a stiff
MRI table.

Sato et al. (2021) analyzed LL of males in standard automotive seating positions in an
upright MRI study. They found a LL of -20.74 ± 11.2 deg for 20 deg seat recline angles
and -24.36 ± 3.3 deg for 25 deg seat recline angles. They claim that sitting on a rigid
laboratory seat and leaning the entire back against a flat backrest could straighten
the lumbar spine. This influence of the MRI table which does not correspond to
an automotive seat might also hold true in this study. To provide a more accurate
representation of real-world scenarios, future studies should consider the potential
variations in the designs of commercially available car seats. In addition, the longer
examination time of MRI scans compared to CT or X-ray scans may have an impact
on postural stability. Other influences on postural stability can be the driving duration
as well as the type of route (Ghaffari et al., 2019). These influencing variables should
be considered in future studies on the alignment of the spine in automotive seating
postures.

8.4.2 Methods

FE-HBMs

In this study, a simulation-based positioning approach was used to position an HBM
(THUMS v4.1) to anthropometric CAD data of one subject in three different sitting
positions. As described in subsection 8.2.1, a self-defined pre-simulation routine was
used. As shown by Schießler et al. (2020) the choice of the positioning method has an
influence on the exact position of the vertebral bodies (vertebra angles varied by up to
5 deg in their study), nevertheless comparable postures could be achieved when the same
targets are used. However, Schießler et al. (2020) reported that the overall kinematics
seem to be not influenced by the use of different positioning methodologies. A major
difficulty every methodology is facing right now is that the HBM anthropometry is
unlikely to correlate exactly with another given human anthropometry. Geometric
differences between the individual and a FE model in the pelvis or vertebral body
region can lead to deviations in positioning or difficulties in adaptation.

Semi-Rigid Seat Setup

The simulations were conducted with a semi-rigid seat. Its stiffness and geometry is
representative of a real automotive seat and has been used in previous sled test studies
(Uriot et al., 2015; Trosseille et al., 2018; Richardson et al., 2020a). In contrast to the
rigid seat featured in other sled test studies (Trosseille et al., 2012), the adaptability
of the seat pan offers a boundary condition that more closely resembles an actual
vehicle environment and is therefore more realistic (Shaw et al., 2009; Uriot et al.,
2015). The semi-rigid seat is adjustable, simplified in its complexity, which makes it
advantageous in experimental environments compared to commercial vehicle seats:
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Both the spring stiffness and spring configuration of the seat pan and anti-submarining
pan can be adapted to a wide range of vehicle seats. As the focus of this study was the
evaluation of the difference of occupant kinematics in different postures in isolation, the
reduction of seat complexity is advantageous as it eliminates the need for extensive seat
validation and possible parameter variation. Another advantage is that by migrating to
a (bi-)linear elastic model (e.g. springs), the seat ensures a well-specified and controlled
input for the experiment’s mathematical or computational simulation and has therefore
also been validated in simulation tests (Mroz et al., 2020).

8.4.3 Kinematic Comparison

The deformation mode of the lumbar spine in all postures is predominantly flexion-
bending rather than compression, as shown in the global kinematics (Figure 8.10).
This subsection presents a comparative analysis of lumbar spine kinematics across the
three distinct postural categories: upright and two reclined postures.

Upright Position - 20 deg

The kinematics of the lumbar spine for the 20 deg seating position (Figure 8.11) can
be classified as extension between T12 and L1, L1 and L2 as well as L2 and L3, which
is followed by flexion throughout all lumbar levels. The lumbar spine levels T12 to
L3 start their initial extension right at the beginning of the simulation, whereas the
lumbar spine levels L3 to L5 start their initial flexion shortly after 40 ms coincidencing
with the time of the highest acceleration pulse. For T12 and L1, and L1 and L2, the
peak in angular extension occurs at 70 ms, switching into flexion at 100 ms (T12 to L1)
85 ms for L1 to L2 respectively. The L2-L3 IVD goes into slight extension for a period
of 60 ms, after which a gradual transition into flexion occurs. This continues until
a plateau is reached at an angle of 13 deg. The largest angular flexion displacement
(22 deg) is observed at 80 ms between L4 and L5 at the caudal end of the lumbar
column. The observation of the local lumbar kinematics confirms the impression of the
global view: the forward displacement is caused by a main flexion in the caudal region
of the lumbar spine.

Reclined Position - 40 deg

A comparative analysis of the kinematics for 40 deg position, as shown in Figure 8.10,
reveals a markedly distinct response when contrasted with the upright kinematics. In
comparison, less forward displacement of the torso occurs; instead, flexion movement
occurs throughout the entire spine. Initially, restraint is provided only by the lap belt,
and only subsequently the shoulder belt also engages. With regard to the lumbar
spine kinematics support the observation on the full-scale level. Flexion without initial
extension occurs across all lumbar levels. The 40 deg position has a higher peak of
32 deg at the L2-L3 level as compared to the upright posture with 22 deg at the L4-L5
level. It occurs 10 ms later than that of the upright posture.
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Reclined Position - 60 deg

The 60 deg reclined position tracks a similar kinematic response as the 40 deg recline
posture of a smaller forward displacement of the torso through flexion of the whole
spine (Figure 8.10). Looking at Figure 8.11, it can be seen that the 60 deg recline
posture is characterized through pure flexion at the T12-L1 level as it holds true for the
40 deg posture but with slightly larger angular displacement. All other lumbar levels
differ from the kinematics in the 40 deg recline posture. They show an initial extension
accompanied by a flexion in all lumbar levels. The sharpest peak of the initial L2-L3
extension is at 64 ms with -14 deg. In addition, an initial extension deformation of the
L3-L4 disc can also be observed in the 60 deg reclined posture, which was not evident
in the other postures.

Looking at the initial position, the 20 deg posture, the lumbar levels, which are
in pronounced extension (L2-L5), go into flexion over the course of the simulation.
The lumbar kinematics in the 40 deg recline posture show a similar behavior. The
60 deg lumbar kinematics show a contrary behavior. This might be reasoned through
inaccuracies stemming from the positioning process. Another plausible reason could
be that the applied force and moment angles play a crucial role with a higher seatback
recline angle. The leverage arm with respect to the COG of the pelvis acting on the
lumbar vertebral bodies increases with increasing recline angle, it might hold true that
this forces the T12-L1 angle going into initial flexion while all other lumbar levels
going into initial extension as consequences of inertia. The subsequent flexion which is
highest for L1-L2 and descending in caudal direction would be a logical consequence of
this.

8.4.4 Fracture Detection

The lumbar spine was analyzed regarding the possible occurrence of fracture as
described in Paper I (Figure 8.12). For the 20 deg posture the highest pressure occurs
in the anterior part at the L4-L5 level coincidencing with the highest angular flexion
displacement. The lumbar spine in the 40 deg position shows the highest pressure
distribution in the center (L2-L3) of the lumbar column also in the anterior region of
the vertebral bodies and also where the highest angular displacement occurs. Compared
to an upright position, a higher area of peak stresses occurs predominantly at the
top and bottom end plate of L3. In the 60 deg recline posture the highest pressure
concentration occurs at the cranial end of the lumbar column but also in the right
anterior part of the vertebral body. In contrast to the other postures, the highest
angular displacement (20 deg at L2-L3) and the maximum pressure do not coincidence
for the 60 deg recline posture. This might indicate that the angular displacement itself
is not appropriate to be used as a fracture indication parameter. For all three postures,
however, maximum disc angles of 15 deg or more are achieved for this particular load
case. In contrast, Adams and Hutton (1986) observed a flexion limit of 14.8 deg for
their quasi-static experiments. It therefore remains in question whether the higher
strain rates used in this simulation study can be expected to cause not only possible
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fractures but also comparable damage to the supraspinous and interspinous ligament
as reported by Adams and Hutton (1986).

In the 40 deg recline posture the highest pressure occurs at 88 ms, whereas for the
other two postures highest pressure occurs 10 ms earlier. Mechanically, the shift in
the location of the highest load is plausible: the further back the occupant is reclined,
the further the torso moves. This could be an indication, that the fracture location is
dependent on the pulse, the distance the torso is pushed forward and the weight of the
torso. Overall, it can be concluded that with a higher recline angle, the area sustaining
high pressure values increases and, thus, the probability of a fracture is higher. What
is also apparent in Figure 8.12 is that at the time of maximum pressure, the three
different lumbar spine positions are curved differently. In the 20 deg spine posture
there is a minor tilt to the left with an inflection point at the caudal end, whereas the
reclined lumbar spine models seem to have an S-shape in the frontal plane with growing
buckling with increasing recline angle. This might result from the non-symmetric belt
system, which can support the upright seating in a sufficient way.
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The aim of this thesis was to establish a strategy for handling anthropometrical
differences in the lumbar spine when assessing spinal injuries within virtual vehicle
development using human body models (HBMs). Regarding the objectives formulated
in section 4.3, the following observations can be concluded:

• To design a method to identify the position and orientation of a vertebra.
A previously proposed method by Draper et al. (2020) was extended as well as
successfully applied to THUMS v4.1 and three-dimensional (3D) medical imaging data.
Moreover, local coordinate systems were successfully integrated to finite element (FE)
lumbar spine models.

• To investigate if subject-specific whole lumbar spine models could match
failure patterns and injury mechanisms.

In Paper I it was investigated, if subject-specific whole lumbar spine models could
coincide failure patterns and injury mechanisms based upon reference experiments
from Stemper et al. (2018). Therefore, lumbar spine geometries were generated from
experimental computer tomography (CT) data and assigned material properties from
THUMS v4.1. As all the subject-specific models with standard material properties
were too stiff with regard to the angular displacement profiles applied, the material
properties of the annulus fibrosus and the capsular ligaments were adapted according
to values reported in Mattucci and Cronin (2015) and Newell et al. (2019). Overall,
our models were found to correspond considerably well with the experimental data
and that with at a pressure distribution cut off value of 3.5 MPa the models were able
to predict the existing failure patterns.

However, the studies performed so far to investigate bending and shear of intervertebral
discs (IVDs) are not sufficient for the validation of HBMs. Further validation should
be performed on IVDs in flexion and extension to observe how the IVD distorts and
transfers bending forces. Shear, bending, and axial loading should be investigated
independently. In addition, combined bending compression tests, required to determine
failure modes and injury criteria, could be developed to validate HBMs for high force,
moment, and strain values. As the IVD is not defined as single homogenous material
in the HBM - an isolated material characterization of annulus fibrosus and nucleus
pulposus would help the definition of material properties in HBMs.

The same holds true for facet joints. There is evidence, showing the importance
of facet joints in lumbar spine unit (LSU) loading (Stemper et al., 2015a). In the
subject-specific models, facet joints were modelled using the connection via capsular
ligaments only as it is realized in THUMS v4.1. Other current models use geometry and
friction (Mengoni, 2021). Therefore, studying other modelling methods, which could
probably better capture the physiology of facet joints and the influence of individual
geometries of facet joints, might be beneficial.
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This study concentrated on bony fractures of the lumbar spine. Future studies should
investigate the failure patterns of other injuries of the spine with Abbreviated Injury
Scale (AIS)3+ coding. Furthermore, to prevent long-term implications, future studies
should focus on spinal injuries with Functional Capacity Index (FCI)4- coding. In
addition, the investigation of failure patterns and injury mechanisms would enable a
more in-depth failure model validation in HBMs.

In this study, the failure of a vertebral body was determined at the time of the maximum
load of one element. To exclude load spikes, the area with maximum total load and,
thus, the most probable fracture region, was then assessed by manual filtering. Future
studies could consider a fracture prediction algorithm that evaluates a well-defined
number of adjacent elements over the entire loading period and generates an overall
maximum to eliminate manual filtering bias.

• To propose a methodology on an approach to deal with different anthro-
pometry in vehicle development.

In Paper I four subject-specific specimen models were generated. As the process
of individualization is very time-consuming, Paper II investigated the required level
of individualization under the same boundary conditions. The aim was to better
understand which geometrical aspects lead to major changes in response and whether
there is a systematic relationship between anthropometric parameters and internal
loading and, thus, injury outcome. The sagittal spinal position influenced through
vertebral body height and initial vertebral position were found to be the most important
factors to still being able to predict failure patterns. Nevertheless, vertebral body
height only showed minor improvement, and it was recommended to focus on the
vertebral body position in full-scale applications.

Therefore, the lumbar spine position of a volunteer was analyzed in an upright seating
position and two recline angles in an upright magnetic resonance imaging (MRI).
THUMS v4.1 was positioned according to the position determined in the MRI; the
semi-rigid seat setup as performed by Richardson et al. (2020a) was used as simulation
basis. It was found that the reclining was initiated primarily by the pelvis, for 20 to
40 deg. From 40 deg to 60 deg the postural change resulted in pelvic rearward rotation
plus lumbar lordosis for the volunteer. The global kinematics of the HBM in reclined
positions deviated from the kinematics seen in the upright position. This deviation
holds true also for the local lumbar kinematics. The evaluation of the pressure in the
trabecular part of the vertebrae confirmed the initial expectations. Also, the results
were coherent with other studies: with higher recline angle the probability of vertebral
fracture increased and the predicted fracture pattern and location changed from caudal
to more cranial in the lumbar spine.

As for this simulation no directly comparable experimental data exists, the Richardson
et al. (2020a) setup was used to validate the fracture prediction capabilities of the
developed method in full-scale. The simulation setup has been described in subsec-
tion 8.2.2. The THUMS v4.1 with adapted material properties for annulus fibrosus and
capsular ligament was positioned to averaged landmarks using an executable script in
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the PIPER software (C. Klein et al., 2021) to account for the findings from Paper II.
Figure 9.1 shows the global kinematics at four different states. No submarining was
observed for the HBM.

Figure 9.1: Global kinematic results for the reclined position (45 deg).

The fracture prediction methodology as developed in Paper I was applied to the HBM
(Figure 9.2). According to this a wedge-type fracture in the upper lumbar spine
(between L2 and L3) is probable. In the experiment three out of five post mortem
human surrogates (PMHS) sustained lumbar fractures also in the upper lumbar spine
(at L1) (Richardson et al., 2020a). As described in Paper II, the initial spinal position
plays a major role in identification of fracture mechanism and location. For the
positioning only target landmarks from T11, L1 and L3 for the lumbar spine region
were available and averaged landmark positions were used. Therefore, it was not
possible to reach the exact same position with the HBM. In this way, the positioning
process adds another level of uncertainty (C. Klein et al., 2021). However, Richardson
et al. (2020a) also mention that the L1 fracture could also have resulted from artificial
stiffening and weakening of the bone by the measurement hardware.

Figure 9.2: The stress field maps depict the maximum pressure in GPa of the spongiosa
of the lumbar vertebrae in whole body sled tests at the instant of maximum peak force.
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This again emphasizes the need to better dovetail experiments and simulation in order
to objectify modelling of injury mechanics experiments in the future (Fuchs, 2018). Due
to this and the insight that geometry has a major predictive influence, further studies
focusing on the geometries of the lumbar spine in real populations are of great interest;
this is a current area of investigation (Booth et al., 2022; Izumiyama et al., 2022).
Moreover, it has been shown that muscle activation can affect occupant kinematics and,
consequently, on the probability of injury in a crash (González-García et al., 2021). It
is thus recommended that further studies be performed to investigate the potential
influence of autochthonous back muscles on fracture risk in the lumbar spine.

The experimental results indicated that the lap belt constituted the primary re-
straint mechanism, resulting in the occurrence of pelvic fractures in certain specimens
(Richardson et al., 2020b). With lower hip belt forces submarining may occur. As in a
submarining event, there is the probability of internal organ injury, with subsequent
haemorrhage and associated rib fractures, the aim is to prevent submarining at all costs.
Compared to pelvic fractures, it is difficult to grade submarining on the AIS scale due
to the multi-time nature of submarining, but it can be assumed that submarining is
more severe. However, the outcome of the AIS is always contingent on the specific
circumstances and variables of each individual case.

If a Volkswagen restraint system with conceptually different restraint mechanisms
were to be investigated, different physiological loading would occur than in the test
series of Richardson et al. (2020a). Similarly, not only are restraint systems different
and seating positions modular, but the extent of postural and physiological variation
within a population can be large (see also subsection 4.1.4). Further research is
needed to quantify population-specific differences to ensure that countermeasures
guarantee the same level of safety for all occupants. Evaluating the influence of
different anthropometrical spinal postures in a Volkswagen restraint system - airbag,
belt, and seat - is beyond the scope of this thesis but would give interesting insights
for safety engineers. Nevertheless, full-scale experiments like those from Richardson
et al. (2020a) are indispensable for the design of future component level tests (Tushak
et al., 2022) for the validation of HBMs in reclined seating positions. Furthermore,
the fracture prediction methodology was developed for THUMS v4.1 only. In order
to achieve general validity, results using other HBMs and different FE solvers need
to be compared. In addition, the spinal kinematics are influenced by various factors,
including the musculature of the spine, internal organ pressure, and contact with
surrounding structures. Elucidating the aforementioned influences through PMHS
experiments is a challenging endeavor. Furthermore, any comparative evaluations
conducted using HBM simulation studies currently lack a robust validation basis.
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Appendix

A.1 Preliminary Investigations - Intervertebral Discs

Newell et al. (2019) conducted compressive experiments to determine the material
properties of human lumbar intervertebral discs (IVDs) at different strain rates using
inverse finite element (FE) technique. This technique permits the acquisition of
material properties that are dependent on strain rate without the necessity of dissecting
individual components or gripping dissected specimens. Using the inverse FE method,
a model of an entire system (e.g. the entire IVD) can be developed. In parallel, the
material properties of individual components can be optimized to ensure a high level
of consistency between the experimental data and the FE results. The underlying
human cadaveric experimental study is part of the THUMS User Community 2 (TUC2)
validation kit of an FE human body model (HBM) and was used by Draper et al. (2021)
for validation of THUMS TUC v3.01, THUMS v5.02, THUMS v4.01, GHMBMC v4-5,
and ViVa HBM in LS-DYNA. In this study it is used to validate the behavior of the
THUMS v4.1 lumbar IVDs in Visual-Crash PAM (VCP) and to test the modified
annulus fibrosus stress-strain curve used in Paper I and Paper II.

A.1.1 Experimental Setup by Newell et al. (2019)

The material response of the composite components was essential to accurately predict
the structural response of the IVD. Thus, compressive experiments were conducted on
16 lumbar IVDs at different strain rates to obtain the structural response.

Sample preparation

Four fresh frozen lumbar motion segments were derived from four human cadavers
(40±18 years old). Ethical approval was granted by the Tissue Management Committee
of the Imperial College Tissue Bank Ethics Committee (ethical approval number:
12/WA/0196). Intactness of the vertebral bodies was checked via computer tomography
(CT), disc degeneration level was assessed using magnetic resonance imaging (MRI)
imaging and subsequent ranking according to the Pfirrman scale. Each spine was
defrosted overnight at room temperature before testing. Soft tissues and posterior
elements were removed, whilst anterior and posterior longitudinal ligaments were kept
intact. Following preparation, each specimen was wrapped in a paper towel soaked
in phosphate-buffered saline (0.15 m/L) to maintain hydration. three-dimensional
(3D)-printed wedges above and below each specimen were used to ensure that the
midplane of each IVD was perpendicular to the loading axis. The specimens were
fixated with polymethylmethacrylate (PMMA) bone cement.
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Experimental procedure

The deformation of the embedded specimens was applied using a servo-hydraulic
materials testing machine (8872; Instron, Canton, MA, USA). Each IVD was exposed
to four compression cycles with a strain rate up to 1s−1 to 15 percent strain. Preliminary
tests showed that a strain of 15 percent would not compromise the IVDs allowing
for multiple tests on each specimen after a 5-minute relaxation period. During the
experiments, reaction forces were recorded using the machine integrated load cell. The
vertical displacements of the specimens were determined using two Linear Variable
Displacement Transducers (LVDTs) attached to the top and the bottom pot. To
measure the internal pressure a pressure transducer was inserted into the nucleus of
each sample (Figure A.1 left).

A.1.2 Finite Element Simulation

The load case description and validation protocol from the THUMS User Community
(TUC) validation repository has been used to reconstruct the reference experiment
in Visual-Crash PAM 16.5.4 (VCP, ESI Group, Rungis Cedex, France) with the
THUMS v4.1 under license at Volkswagen. The IVDs (L1-L2, L2-L3, and L3-L4) were
isolated from the full-scale THUMS v4.1 analogous to the reference experiments in
preprocessing software VCP. Soft tissues and posterior elements were excised, leaving
the disc and anterior and posterior ligaments intact. Each IVD was positioned in
accordance with the physical IVDs position in the experiment, maintaining the center
plane of each disc perpendicular to the test direction. To minimize off-axis bending,
the specimens are positioned so that the center of the crosshead of the testing machine
is at 1/3 of the anterior-posterior distance from the most posterior aspect of the disc as
described in the validation protocol. As THUMS v4.1 has deformable bones, the shells
of the cortical bone were rigidly attached to the potting material via Multiple Nodes to
one Node Constraints (MTOCOs). The disc displacements of 12 experiments (L1-L2,
L2-L3, and L3-L4) measured via LVDTs served as displacement boundary conditions
in the FE model. Four experiments (L4-L5) were excluded from the inputs1 due to
a shorter time scale compared to the other experiments. The output force variables
were measured in the simulation at the same location where the force sensors were
installed for the experiments, whereby the outputs also being stratified by lumbar level
(Figure A.1 right).

1 and also from the corridor calculation used as outputs
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Figure A.1: Schematic representation of the reference test setup (left) and the respective
FE model (right). The specimen is attached to the servo-hydraulic materials testing machine
via PMMA embedding. Forces, displacements, and internal pressures are measured using
a load cell, LVDTs, and a pressure transducer in the experimental setup (modified after
Newell et al. (2019)). The displacement boundary condition is applied at the top and the
specimen is rigidly attached to the pots in the simulation setup.

A.1.3 Validation Results

Figure A.2 depicts a comparison of the force-displacement response of the experimental
and numerical result.

Figure A.2: A comparison of the force-displacement response of the experimental and
numerical result. The experimental result is shown with ±1 SD. The cause of the rigid
boundary conditions, penetrations of the vertebral body and the lower mounting pot are
irrelevant here.
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A.2 Preliminary Investigations - Total Lumbar Spine

In the following, the design of a total lumbar spine validation setup is described that
was also used by Draper et al. (2020). Subsequently, the results of sensitivity studies
are shown, which form the basis for studies presented in Paper I and Paper II.

A.2.1 Drop-Tower Experiment by Stemper et al. (2011b)

To experimentally quantify the axial tolerance of the lumbar spine, the authors (Stemper
et al., 2011b) dynamically tested 23 intact human lumbar spines (T12-L5) at sub-failure
and failure levels with a drop-tower test setup. The drop-tower had two decoupled
platforms, each attached to a monorail via low-friction bearings to ensure compression-
flexion loading. The lower and upper platforms were equipped with linear acceleration
sensors for measuring vertical accelerations. Forces and moments were measured using
a load cell with which the caudal fixation of the specimen was mounted to the lower
platform. A laterally oriented cylinder was positioned between the upper sample fixture
and the upper platform. To generate a realistic acceleration pulse, a piece of foam was
added at the site of impact. A mass of 32 kg was imposed on the upper platform to
simulate the static torso mass of a 50th percentile man (Figure A.4).

Sample Preparation

Pre-test CT scans allowed evaluation of each specimen. Specimens with excessive
loss of disc height, bridging osteophytes or inconsistent alignment were excluded. To
facilitate attachment to the experimental apparatus, the cranial (T12) and caudal (L5)
vertebrae were embedded in PMMA. The L2-L3 IVD level was placed horizontally in
the global coordinate system to ensure interspecimen comparability without altering
the natural lordosis of the individual specimens. After checking the integrity of the
specimens, a preflexion moment of 5 Nm was applied to minimize off-center loads. A
cable was then placed between the platforms to limit the recoil of the specimens prior
to testing and any substantial vertical displacement or impact during the dynamic
test.

During deceleration, the upper platform could inertially compress the lumbar spine
specimen by reducing the vertical distance from the lower platform. Every specimen
was subjected to one or several dynamic tests from specified drop heights until injury
was detected. 3D-vertebral kinematics were captured with a Vicon system (Vicon
Corp., Oxford Metrics Group, Oxford England) and three spherical targets. One
target was placed in the anterior region of the body and one in each transverse process.
Throughout the posterior wall of each vertebral body, the origins of the local Cartesian
coordinate system were defined at mid-height and mid-width. To recreate the vertebral
kinematics, the target movements were taken. For each segment (T12-L1 to L4-L5),
sagittal segmental angulation was calculated as the angle of the sagittal plane of a
vertebra relative to the adjacent vertebra (Stemper et al., 2011b). Each specimen
was x-rayed after each test for fractures or notable changes in spinal alignment or
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IVD heights. Palpation of the specimens and assessment of flexion stiffness eliminated
endplate or soft tissue injury. X-rays and post-test CT scans were used to assess the
type of fracture and the affected level of the spine (Figure A.3).

Figure A.3: Configuration of experimental setup. A Photography with visible Vicon
markers. B X-ray and visualization of Vicon markers from the top and lateral side view in
Mokka. C The local Cartesian coordinate system is shown in blue; the black dashed line
resembles the fictional local x-axis from the origin of the coordinate system to the anterior
targets. The arrows show the sagittal segmental angulation measured in the experiment.

A.2.2 Finite Element Simulation of the Drop-Tower Experiment

To simulate the experiments from Stemper et al. (2011b) the THUMS v4.1 lumbar
vertebral column is prepared according to the specimen preparation described in the
reference experiment. The specimen is rigidly fixed to the upper and lower specimen
pot using node constraints to simulate PMMA embedding. The cylinder with a non-
structural mass of 32 kg at the upper part is positioned according to the experimental
description and pre-test X-rays. Between the cylinder and the upper specimen pot, a
TIED contact definition is defined. The measurement of section forces in the global
coordinate system is enabled via section forces in the upper and lower specimen pot. To
ensure accurate force measurement, the accelerations measured in the lower platform in
the experiment are applied as boundary conditions below the section force to the lower
platform. Translation in the global z-direction and rotation around the global y-axis
are guaranteed by the boundary conditions for the cylinder and the lower platform.
Similarly to the measurement of forces and moments in the simulation model at the
points equivalent to the load cells in the experiments, the intervertebral kinematics
are also recorded in the simulation. Therefore, vertebral reference points and local
coordinate systems were defined as described in chapter 5.
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Figure A.4: Schematic representation of the vertical drop-tower setup to simulate high-
rate loading of the specimen by Stemper et al. (2011b) (left) and its FE representation
(right). The specimen is attached to the experimental apparatus via PMMA embedding.
Acceleration, forces, and moments are measured using linear accelerometers and a six-axis
load cell at the top and the bottom of the attachment platforms. Both platforms are
connected to a vertical 7.6 m long monorail by low friction precision linear steel bearings.
A mass of 32 kg was imposed to the upper platform to simulate static torso mass for a
50th percentile male. A more realistic acceleration pulse is provided by a pulse-shaping
foam at the drop-tower base (modified after Stemper et al. (2011b)).

Excursion: Evaluation of Intervertebral Kinematics

The coordinates of the newly constructed midpoint of the vertebrae and the endpoint of
the new local x-axis were exported using Animator (Animator4 2.4.5, GNS - Gesellschaft
für Numerische Simulation mbH, Brunswick, Germany) for the evaluation of the
intervertebral kinematics. A Matlab script2 (Math-Works, Natick, Massachusetts,
USA) was used for the calculation of the angleInterVB using the following mathematical
relation:

angleInterVB = atan2(norm(cross(a, b)), dot(a, b)) (A.1)

where a is the vector from one midpoint to the endpoint of the local x-axis of one
vertebra and b is the vector from the midpoint to the endpoint of the local x-axis of
the adjacent vertebra. As per definition in the experiment, intervertebral angles in
extension are negative and angles in flexion are positive. To account for this definition
the vector from one midpoint to the midpoint of the adjacent vertebra, and the vector

2 The code is available at the TUC repository.
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from one x-axis endpoint to the next x-axis endpoint have been compared. Flexion is
defined as having a higher midpoint to midpoint distance as x-axis endpoint to x-axis
endpoint.

Validation of the Evaluation Concept

To validate this evaluation scheme the coordinates of the Vicon markers provided
by courtesy of Medical College Wisconsin (MCW) as .cd3-data have been exported
using the open-source 3D Motion Kinematic & Kinetic Analyzer Mokka (Mokka 0.6.2,
Biomechanical ToolKit (BTK), https://biomechanical-toolkit.github.io/mokka/). The
computed angles were then compared to the angles provided by courtesy of MCW.

Figure A.5 exemplarily shows the difference between the endnode-distance and the
midnode-distance for each pair of vertebrae over time for one nonfailure load case
where both Vicon and kinematics data evaluated by Stemper et al. were available. A
positive difference - meaning the endnode-distance is larger than the midnode-distance
- is defined as extension in the experiment. For flexion it is the other way round. The
area for extension is colored grey and the area for flexion is white in the graph. The
different pairs of vertebrae are color coded. T12-L1, L2-L3 and L3-L4 are extended,
while L1-L2, and L4-L5 are flexed during the experiment.

The kinematic curves for the experimental output data as normalized angular dis-
placement as well as angular displacements computed by coordinates are presented
in Figure A.5. Dotted lines represent experimental results and solid lines computed
displacements. Negative angles are defined as extension (positive delta of midnode to
midnode and endnode to endnode distance) and positive angels as flexion (see also
Figure 8.11). In accordance with the delta of distances shown on the left, T12-L1, L2-
L3, and L3-L4 show negative angles here, whereas the angular displacements between
L1-L2 and L4-L5 are positive. The curves for the vertebrae pairs T12-L1, L1-L2, L3-L4,
and L4-L5 seem remarkably similar, whereas there is a slight offset on the y-axis for
L2-L3. The progression of the curve over time seems to be quite similar, too.
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(a) Distances between midnodes of adjacent verte-
brae

(b) Experimental (exp) and computed (cal) angu-
lar displacements

Figure A.5: (a) Delta of the distance between one midnode and the midnode of the
adjacent vertebra and the distance of one x-axis endnode and the endnode of the adjacent
vertebra. The different pairs of vertebrae are color-coded. A positive delta means extension
and a negative delta flexion. (b) Comparison of the results of the experiments as angular
displacements as output and the angular displacements exported as nodal coordinates and
computed.

A.2.3 Validation of the Total Lumbar Spine in a Subinjurious Load Case

(a) Force-time (b) Moment-time

(c) Angular displacement

Figure A.6: A comparison of the (a) force-time, (b) moment-time and (c) angular
displacement response of the experimental and numerical results.
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A.3 Subject-Specific Model Creation

In this section, the methodology for the reconstruction of the subject-specific lumbar
spine models (Paper I) is described. In Figure A.7 the steps to be taken for the
development of subject-specific FE models of the lumbar spine are described.

2D imaging data
X-rays

3D imaging data
CT scans

THUMS v4.1
Discs, ligaments,

material properties

Geometry
3D mesh

Positioning
Intervertebral angles Morphing

Subject-
specific

FE model

Reference
Experiment

Experimental data

Material Properties
Literature

Figure A.7: Overview of the reconstruction of the subject-specific lumbar spine models.
The geometry of the vertebral bodies is extracted from CT scans in supine position
through segmentation. Positioning in test-position is achieved through measurement of
intervertebral angles in X-rays, numerical midplane construction and positioning. Disc and
ligamentous structures are extracted from THUMS v4.1 and morphed to fit the subject-
specific geometry. Where possible, appropriate material properties from THUMS v4.1 or
literature are assigned. Boundary conditions to replicate the drop-tower experiment by
Stemper et al. (2018) are applied.

For the reconstruction of four subject-specific FE models of the T12-L5 lumbar spine
unit, vertebral body geometry was derived from CT scans provided courtesy of MCW.
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Discs and ligamentous structures as well as material properties were initially used from
THUMS v4.1. More details on the boundary conditions in the reference experiments
can be found in Stemper et al. (2018).

A.3.1 Geometry & Mesh Generation

The feasibility of using the CT data for reconstruction of subject-specific lumbar spine
models was assessed using the following criteria:

1. Availability criterion:
CT data from either pre-test or non-fractured specimens

2. Completeness criterion:
CT data needs to include all relevant structures of T12 to L5

3. Quality criterion:
Resolution of CT data (in plane resolution as well as in layered image plane)

Geometry & Material

For the purpose of image segmentation, all feasible CT data were transferred to Mimics
(Version 22.0, Materialise, Plymouth, MI, USA). The six lumbar vertebrae of each
subject were segmented using a semi-automatic thresholding method. Spikes and holes
on the surface of the vertebral geometries were then removed by smoothing. The
vertebral geometries were exported in stereo-lithography (.stl) and in initial-graphics-
exchange-specification (.iges) format. Figure 5.1 shows the segmentation process. The
cortical and trabecular bone were modelled using PamCrash material model as defined
according to THUMS v4.1.

Meshing

Meshing was done in ANSA pre-processor software (BETA CAE Systems SA, Epanomi,
Thessaloniki, Greece). Cortical bone thicknesses of 1, 1.29, 1.29, 1.39, 1.72, and
1.98 mm from T12 to L5 respectively was modelled using quad meshing with a target
element length of 2 mm of the outer surface of the segmented vertebral bodies. In the
edges, to avoid stiffening effects through triangular elements, reconstruction, smooth,
and reshape options were used. Tetrahedral elements were used to model the remaining
volume of each vertebra, which was considered as trabecular bone. Figure A.8 shows
an example of the resulting mesh of a segmented L3 vertebra.
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Figure A.8: Example of the resulting mesh of a segmented L3 vertebra. A outer surface.
B cross section showing core structure (green).

The parameters of mesh quality, which were used to check the quality of shells and solids
are listed in Table A.1. After meshing each vertebra applying the quality parameters,
it was ensured that the model passed the pre-surface and volume meshing tests to
confirm that there were no penetrations or close proximities.

Table A.1: Shell and solid mesh quality parameters.

Shell mesh Solid mesh
Criteria Calculation Failed Criteria Calculation Failed

Aspect ratio PATRAN 10. Aspect ratio PATRAN 10.
Skewness PATRAN 62. Skewness PATRAN 65.
Warping PATRAN 20. Warping PATRAN 20.
Jacobian ANSA 0.3 Jacobian ANSA 0.3
Min angle quads IDEAS 20. Min angle tetras ABAQUS 20.
Max angle quads IDEAS 160. Max angle tetras ABAQUS 150.
Min angle trias IDEAS 15. Min angle pentas ABAQUS 13.
Max angle trias IDEAS 120. Max angle pentas ABAQUS 160.

Min angle pentas ABAQUS 20.
Max angle pentas ABAQUS 160.
Collapse 0.2

A.3.2 Model Positioning

The poses of the individual lumbar vertebrae had to be modified to the upright
test position, as the CT scans were acquired in the supine position. Therefore, the
intervertebral angles were quantified in midsagittal X-ray images3 using the image
processing software ImageJ (http://rsb.info.nih.gov/ij/; US National Institutes of
Health Bethesda, Maryland, USA). In this study, the intervertebral angles T12-L1,
L1-L2, L2-L3, L3-L4 and L4-L5 were measured. The intervertebral angle is measured
in the midsagittal plane and specified here as the angle between the superior and
inferior surfaces in the median plane of the vertebral body. A positive angle indicates

3 The X-rays were provided courtesy of MCW.
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flexion or upward inclination relative to the horizontal plane, while a negative angle
indicates extension or downward inclination relative to the horizontal plane.

Definition of midplanes

For the adjustment of the vertebrae to the angles measured in the X-rays, midplanes for
each vertebral body needed to be defined. Therefore, tangent planes to the endplates
of the vertebral bodies needed to be defined in a first step (Figure A.9 A). After
that two kinetic bodies were defined using the Kinetics functionality of ANSA - one
kinetic body being the plane and the other kinetic body being the vertebral bodies
endplate (Figure A.9 B). Via force-based simulation the kinetic body plane approaches
the vertebral endplate until the minimum distance between both kinetic bodies is
reached. The average of the tangent planes forms the midplane of the vertebral body
(Figure A.9 C).

Figure A.9: Definition of midplanes. A Identification of endplates. B Definition of
tangent planes. C Midplane.

Reorientation of the vertebral bodies

Finally, for the reorientation of the vertebral bodies, a rotation axis was defined via
extension of the midplanes until intersection. The position of the rotation axis is
defined as the location of the facet joints (Figure A.10 A). The angles were adjusted by
transformation corresponding to the intervertebral angles as measured in midsagittal
X-ray images (Figure A.10 B).
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Figure A.10: Reorientation of the vertebrae. A Facet joints for rotation axis. B
Adjustment of angles.

A.3.3 Model Assembly

After the reorientation followed by the shell and solid meshing of the subject-specific
vertebrae model, the soft tissues comprising the IVDs, cartilage, and ligaments were
modelled. Based on the positioned alignment, the IVDs were inserted between the
endplates. The anterior & posterior longitudinal ligament (anterior longitudinal
ligament (ALL) & posterior longitudinal ligament (PLL)), ligamentum flavum (LF),
intertransverse ligament (ITL) and interspinous ligament (ISL) were also shifted to
the endplates, as was the intervertebral disc.

Isolation of IVD & Membranes from THUMS v4.1 and Alignment with Target Vertebral
Model

In the first step, the subject-specific vertebral model is globally aligned so that its
re-orientation corresponds to the original orientation of the THUMS v4.1 (x-axis
from posterior to anterior, z-axis from caudal to cranial). Next IVDs, ligaments,
and membranes were isolated from THUMS v4.1. After isolation, the soft tissues of
THUMS v4.1 and the target model were aligned with some translational offset and
merged with the target subject-specific vertebral model.

Mesh Morphing

Soft tissues were morphed to the target vertebral model using four subordinate definition
steps in the Direct Morphing DFM toolkit in ANSA.

In the first definition step, curves of the source model were fitted to curves defined
on the target model to help position the discs, the ALL, PLL, and ISL. These curves
were defined in the Topo module using the Curve Creation tool in ANSA. Then, source
curves were defined on the top and the bottom of the edges of the IVD and the top
most and bottom most ends of left and right ALL, PLL and ISL. Target curves were
defined on the target bones so that it resembles the periphery of the IVD and at the
anterior and posterior target bones and the spinous processes (Figure A.11 A). The
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Direct Morphing module with Edge Fitting was used to morph the IVBs and ligaments
to the subject-specific vertebral bodies.

To make sure that the top and bottom face of the morphed IVDs are better fitted with
the geometrical inhomogeneity of the target bones, the DFM Align tool is used. First,
skin shell elements were created from the top and the bottom face of the hexa meshed
IVDs to serve as control entities using the Shell Mesh module and VolShell option
(Figure A.11 B). The Direct Morphing module with DFM Align was used to morph the
IVBs and ligaments to the subject-specific vertebral bodies.

To ensure the effective morphing, the ALL and PLL to the anterior respectively the
inferior of the VB, the ALL and PLL were defined as control entities in the DFM Align
tool in a subordinate step (Figure A.11 C & D).

Figure A.11: Mesh morphing process. A Definition of curves on source and target
model for Direct Morphing with Edge Fitting. B Creation of skin shell elements for Direct
Morphing with DFM Align. C & D Definition of ALL and PLL as control entities for
Direct Morphing with DFM Align.

Connection of Intervertebral Discs and Ligaments to Target Bones

To connect the IVDs and the ligaments to the subject-specific target bones, the meshes
of these entities were projected to the target vertebral structures using the Shell Mesh
Projection tool in ANSA.
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First, the meshes of the ALL, PLL as well as the top and bottom faces of the IVDs
were pasted to the target vertebral structures using the Shell/Facet option of the Shell
Mesh Projection tool.

In a second step, the Edge option was used to project the insertion points of the ISL
onto the posterior aspects of the superior and inferior medial ridges of the spinous
processes. Likewise, the superior attachments of the LF are projected to the rim of
the vertebral foramen and the inferior insertions to the base of the vertebral foramen,
where the concave shape of the lamina transitions into the convex shape of the spinous
process. The projection tool is also used for the attachment of the ITL to the transverse
process on both sides of the vertebra. After each projection step the model was checked
for initial penetrations.

Interspinous Ligament

The ISL in the FE model is defined using shell elements. The insertion points for
the ISL are determined via curves that are created along the posterior aspects of
the superior and inferior median crests of the spinous process. Shells are created
between two curves by using the Free Curves tool in the Shell Mesh Fill module in
ANSA. The created shell mesh was quality checked with the quality criteria defined
in subsection A.3.1. To avoid buckling, both planarity and penetration were visually
checked. In the case of penetration, the projection procedure described above followed.
After formation of the ISL, material was defined according to THUMS v4.1.

Facet Joints

It is not possible to determine the actual position and thickness of the facet joints from
the CT scan. Therefore, an approximation based on the facet surface of the vertebra
is necessary. In this study, the facet joint is modeled by capsular ligaments only, as it
is also realized in THUMS v4.1. To exclude initial penetration, the gap between two
facet surfaces is first evaluated and modified. If there is no initial penetration, the
gap remains unchanged. Hence, each specimen can have a different gap according to
its geometry. The capsular ligaments (CLs) are modeled for each facet joint with one
layer of shell elements in the FE model. This is implemented manually with the Free
Shell tool in the Shell Mesh module in ANSA. The nodes on the corresponding facet
joint surfaces, which are opposite each other in a ring structure, were set as insertions
for the CL. After forming the CL, a penetration check was performed. In the case of
penetration, either projection procedure (see above) or manually elimination of the
penetrations followed. After formation of the CL, material was defined according to
THUMS v4.1. Once the model had been compiled, the reference points and section
forces were incorporated into each subject-specific model, as previously described in
chapter 5.
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A.4 Drop-tower Simulation Setup Sensitivity

To assess the sensitivity of the setup, the parameters listed in Table A.2 were iteratively
altered and their influence on the kinematic and kinetic response of the setup was
evaluated.

Table A.2: Drop-tower simulation setup sensitivity parameters.

Parameter

Setup related Upper pot Tilt (y-rotation)
Embedding height

Impactor Weight
Connection to upper pot
Position in x

Alignment of model in setup Tilt (y-rotation)
Position in x

Application of boundary conditions

Model related Ligaments Influence of posterior longitudinal ligament (PLL)
Influence of interspinous ligament (ISL)
Influence of supraspinous ligament (SSL)
Capsular ligament (CL) material

Intervertebral discs (IVDs) Annulus fibrosus material
Fiber material
Nucleus material

Vertebral body Failure
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