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Abstract

Motor vehicles collisions and falls have gradually increase the risk for spinal cord

injuries. An increased knowledge of the spinal behavior and its injurymechanisms

can be used as preventive strategies. Total Human Model for Safety (THUMS)

SAFER is used as a tool for injury prevention, however, there is a lack of studies

that evaluate the spinal cord injuries. The aim of this thesis is to implement a

cervical spinal cord into the THUMS model.

The mesh element quality was modified and the spinal cord was further

adjusted for a correct insertion into the THUMS. The strain of the posterior and

anterior surface of the cervical spinal cord during a head flexion were analyzed

against experiments. Subsequently, a comparison of the head kinematics in

frontal collision of the THUMS with and without the cervical spinal cord was

performed.

A refinement of the mesh element quality for a suitable computational time was

achieved. The strain evaluation of the the spinal cord showed the same behavior

as in the experiment for the posterior surface but the results were contradictory

for the anterior surface. The results of the head kinematics with and without

spinal cord showed no good correlation with the experimental data. Moreover,

the models exhibited a bigger difference between them during the extension of

the head than flexion.

A further improvement of themesh element quality required smaller element size.

Nonetheless, it is important to consider that computational time increases with a

decrease of element size. Several factors were critical for the strain comparison,

such as the lack of information for the calculation of the strain. The difference in

head kinematics from the experiment may be due to thematerial properties of the

neck skin and the lack of the active muscles. Moreover, the contact constraints in

the model may result in the differences between the THUMS models.

In general, the spinal cord has been refined to obtain a favorable computational

time. The evaluations have indicated that further modifications in the neck skin

and contact constraints are needed for a better resemblance with the human body.

Likewise, further validations against experimental studies are suggested.
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Abstrakt

Trafikolyckor och fall har gradvis ökat risken för ryggmärgsskador. En ökad

kunskap ommekanismen för ryggradens beteende och skador kan användas som

förebyggande strategier. Total Human Model for Safety (THUMS) SAFER är ett

verktyg för skadeförebyggande. Dock, finns det brister på studier som utvärderar

ryggmärgsskadorna. Syftet med detta projekt är att förbättra elementkvaliteten

för ryggmärgsmodell och utvärdera den mot experimentella data.

Kvaliteten hos elementen modifierades och ryggmärgen justerades ytterligare för

en korrekt insättning i THUMSmodellen. Töjningen av den bakre och främre ytan

av den ryggmärgen under en huvudböjning analyserades. Därefter, utfördes en

jämförelse av huvudkinematiken i en frontal kollision mellan THUMS modellen

med och utan ryggmärgen.

Elementens meshkvalité har förbättrats för att uppnå en lämplig beräkningstid.

Utvärderingen av töjningen visade samma beteende för ryggmärgens bakre

yta, men motstridiga resultat för den främre ytan. Utvärderingen av

huvudkinematiken med och utan ryggmärgen visade ingen bra korrelation med

den experimentella data. THUMS modellerna visade en större skillnad under

förlängningen av huvudet än flexion.

En ytterligare förbättring av elementens

meshkvalité kräver mindre elementstorlek. Det är dock viktigt att ta hänsyn till

att beräkningstiden ökar med mindre elementstorlek. Flera faktorer var kritiska

för utvärderingen av töjningen, såsom begränsad information om mätningen

av töjningen. Skillnaden i huvudkinematik mellan THUMS modellerna och

experimentet kan bero på materialegenskaper hos nackfläsket och brist på de

aktiva musklerna. Dessutom råder det kontakt begränsningar som kan ha lett

till skillnader mellan modellerna.

Generellt sett, ryggmärgen har forfinats för att erhålla en gynnsam beräkningstid.

Utvärderingar har visat att yterligare modifieringar i nackfläsket samt

kontakterna måste utföras för att bättre efterlikna människokroppen. På samma

sätt, föreslås det ytterligare valideringar mot experimentella studier.
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1 Introduction
The incidence of spinal cord injuries (SCI) commonly caused by motor vehicles
collisions (MVCs) and falls has gradually increased[1]. The most common SCI is
tetraplegia, ranging from 62% to 75 % of the cases, which indicates that the most
affected region with higher fatality is the cervical spine at the neck level[2]. SCI
can lead to a disabled condition which affects not only the individual but also can
be a heavy burden on families, societies and health care systems[3]. The financial
burden over a disabled lifetime is expensive due to the health care costs and
life expectancy. This situation has consequently increased a significant concern
in today’s society leading to the necessity of preventive systems to decrease the
incidence of SCI[4].

A high percentage of fatal SCI are related to traffic safety systems[1]. The three-
point seat belts is one of the earliest passive safety tools that have decreased the
incidence of MVCs related to SCI[5]. Nowadays, the development of restraint
systems, seats, airbags have dropped injury and fatality rates in MVCs[6]. Also,
the development of finite element (FE) models have contributed to improve the
safety systems for crash scenarios[7].

FE models seek to resemble the behavior of the human body to reduce the
number of neurological injuries[8]. Several human body FE models (HBM) for
safety are available to simulate kinematic responses during crashes[9]. Numerical
analysis is used to find injury tolerances by evaluating tissue responses for
external loading. This evaluation makes it possible to develop protective devices
based on conclusions from the simulations[10]. A popular HBM used for
crash analysis by vehicle and research industries is the Total Human Model
for Safety (THUMS)[11].However, the THUMS model is yet simplifications of
the mechanical properties of the biological tissues, leading to a need of further
investigations of actual human response[12].

Investigations of the spinal cord behavior and its injury mechanisms are minimal
and these are required for the reduction of SCI[13]. The THUMS model has been
validated as a whole body and body part level against cadaver data but evidence of
validation of a FE cervical spinal cord has not been reported to date[14][15]. Other
study[13], has developed and validated a FE cervical spine excluding the spinal
cord. Moreover, a THUMS v.4.02 has included the spinal cord but it has not been
validated[16]. Also, a brain spinal FE model has been developed but only for the
evaluation of the effects of restraint conditions on Central Nervous System (CNS)
injuries[17]. Therefore, to the knowledge of the author there is little knowledge
about how the spinal cord affects the neck and brain as an injury occurs.

The development of an anatomic detailed FE model of the spinal cord may be
crucial for a better evaluation of the SCI. The quality of the model, in terms of
modeling, enables a more reliable evaluation and prediction of injuries[18]. It is
therefore desirable to further improve the level of detail of the spinal cord model
in terms of element quality[19]. Element quality refers to mesh quality which
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depends on thematerial properties such as Young´smodulus and density but also
the shape and size of the elements[20]. Modeling errors can cause simulations
to die prematurely and minor model changes can even introduce stability issues
indicating a lack of robustness[21]. Finer, complex mesh and detail geometry
can be achieved with small elements size. However, it can result in a large
computational cost and numerical instability [22].

In particular, the improvement of the element quality of the spinal cord may lead
to a more accurate analysis of the SCI as it increases the robustness and accuracy
of the model. In this way, a proper evaluation of injury scenarios that lead to SCI
and even to head and neck injuries can be performed [19].

1.1 Aim
This thesis aims to improve and integrate a FE cervical spinal cord model with a
THUMS SAFER model.

The main goals of the project are divided in the following points:

• Improve the mesh element quality of a FE cervical spinal cord and integrate
with the THUMS model.

• Evaluate the model against published human experiments with a focus on
the cervical spinal cord.
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2 Method

2.0.1 KTH spinal cord model

A FE cervical spinal cord model, hereafter referred to CSC, has been developed
to be implemented in the KTH neck model. The CSC model consists of 17301
elements divided in twelve parts. The innermost part of the CSC is the gray
matter surrounded by the white matter and these parts have been modeled with
solid elements. Outside the white matter, there is the pia mater followed by the
contact surfaces named as outside white matter and inside cerebrospinal fluid,
CSF. Consequently, there is the CSF, modelled with solid elements, which is
surrounded by the dura mater and two contact surfaces named as outside CSF
and inside fat. The contact layers have similar node coordinates as the pia mater
and dura matter respectively and all these layers consist of shell elements. The
outermost part of the model is a fat solid part surrounded by a outside fat shell
layer. The different parts of themodel can be observed in Figure 2.1 and 2.2.

Figure 2.1: Crossection of the
FE spinal cord. Arrow indicates
the tissue between the CSF and
the white matter and the tissue
between CSF and fat.

Figure 2.2: Top view of the FE spinal
cord. The model parts modelled with solid
elements are indicated.
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Thematerial properties of the parts forming theCSCwere assumed to be similar as
the corresponding parts of the brain and are listed in Table 2.1 and Table 2.2.

Table 2.1: Material properties of the solid element parts of the CSC. The letter K refers
to bulk modulus [23].

Material
Mass density

[kg/mm3]

Young´s

Modulus, E

[GPa]

Poisson

Ratio

Gray matter Ogden Rubber 1.04E-6 - 0.49

White matter Ogden Rubber 1.04E-6 - 0.49

CSF (Cerebrospinal

fluid)
Elastic Fluid 1.0E-6 K=2.1 0.5

Fat Ogden Rubber 1.04E-6 - 0.49

Table 2.2: Material properties of the shells element parts of CSC [23].

Material
Mass density

[kg/mm3]

Young´s Modulus,

E [GPa]

Poisson

Ratio

Pia matter Elastic 1.13E-6 1.15E-2 0.45

Dura matter Elastic 1.13E-6 2.0 0.35

Contact surfaces:

Outside white matter

Inside CSF

Inside fat

Outside fat

Elastic 1.13E-6 3.15E-2 0.45

2.1 Human body FE model
The human body FE model used in this study was the Total Human Model for
Safety (THUMS) SAFER v9.0.1 including the KTH neck and head model[10].
THUMS SAFER V9.0.1 is a THUMS version representing a 50th percentile adult
male created by Toyota that has undergone modifications and been improved by
SAFER (Chalmers, Autoliv och VCC)[11][20]. The model units are in mm, ms, kg
and consequently kN, GPa. A more detailed description of THUMS model can be
found in section D3 under Appendix 6.

The THUMS model includes both passive and active muscles but the active
muscles were not activated in this project[13]. The KTH neck model consisted
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of a cervical spine ranging from the skull bone to the vertebra body C1 to C7 that
encloses the spinal cord, as can be seen in Figure 2.3 and Figure 2.4. The KTH
cervical spine consists of vertebral bodies with its respective discs and facet joints
surrounded by ligaments[23][10].

Figure 2.3: KTH cervical region of the
vertebral column enclosing the spinal
cord.

Figure 2.4: Top view of the KTH
cervical region of the vertebral column
enclosing the spinal cord.

2.2 Integration of the FE spinal cord in the THUMS model

2.2.1 FE spinal cord mesh element quality

The modeling of the elements was performed in HyperWorks v.2017.2 (Altair
Engineering Inc, Troy, USA). The software was used to control and modify the
mesh element quality of both the shells and solid elements to fulfil SAFER´s
mesh quality criteria[24].The compliance with each criterion was attempted to
be achieved for 95 % of the elements. Furthermore, the mesh was adjusted to
allow the time step of 0.63E-03 ms without mass scaling. The quality parameters
described in Table 2.4, were modified to refine the mesh element quality of the
CSC.
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Table 2.3: Element quality parameters [20].

Element

Parameter
Definition

Aspect

Ratio

R = E/h,

where E is the longest edge and h is the shortest edge.

Warpage

Deviation from being planar. Applies to quads as it is divided

into two trias along its diagonal and the angle between the

trias´normals is measured.

Jacobian

Deviation of an element from ”perfect” shaped element.

It is performed by mapping an ideal element in parametric

coordinates onto the actual element defined in global.

The modeling of the elements was performed on one half of the CSC. The aspect
ratio was the parameter that deviated the most from the criteria. According to
the equation for aspect ratio in Table 2.1, it is proportional to the length of the
element edge. It was noticeable that thinner and bigger elements increased the
aspect ratio. Therefore, the lower part of the CSC at C5 to C7 vertebraewas divided
inmore element rows to obtain smaller elements and hence a smaller aspect ratio.
Subsequently, the other parameters weremodified by changing the position of the
element nodes that did not fulfil the criteria. The adjustments were performed
with a minimal change of the outer shape of the CSC model. Moreover, the upper
part of CSC remained intact to keep the mesh connectivity with the brain. After
the refinement of themesh element quality, the CSCmodel was reflected to obtain
the whole CSC.

2.2.2 KTH spinal cord in THUMS

The updated CSC was inserted in THUMS SAFER v9.0.1, as can be observed in
Figure 2.5. All the components of the THUMS were included for the accuracy
of the evaluation from the simulations. The software used for pre- and post
processing was LS-PrePost v4.3 (Livermore Software Technology Corporation,
Livermore, USA) and the simulations were run with an explicit dynamic
solver LS-Dyna v9.7.1 (Livermore Software Technology Corporation, Livermore,
USA).
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Figure 2.5: KTH FE cervical spinal cord inserted in THUMS. The cervical spinal cord
is surrounded by the vertebral column in purple and attached to the brain in pink

LS-PrePost was used to integrate the updated CSC with the THUMS. The updated
CSCmodel was fitted to avoid penetration with the vertebral column. Also, inside
the CSC, the shell parts were modified to avoid penetration between them. The
upper part of CSC was merged with the brain stem and a vertebral disc between
C7 and T1 was inserted. The end part of CSC at vertebra T1 was made free.
Furthermore, contact surfaces inside the CSC between the white matter and CSF
and between the CSF and fat were generated as tied contact surfaces. A contact
surface between the vertebral column and the outer shell layer of the entire CSC
was also implemented.

2.3 Experimental strain evaluation
The evaluation of the CSC model was performed from a previous study[25]. The
experiment was performed on five volunteers that were placed supine within a
MRI scan. A posterior neck surface coil was used to obtain the images of the
cervical spine and part of the brain.

2.3.1 SPAMM tagging sequence

The tagging sequence used was Spatial Modulation of Magnetization (SPAMM)
which is a tissue tagging sequence. The SPAMMmethod created a series of parallel
planes, orthogonal to the imaging slice. These parallel planes were high contrast
stripes that served as markers to follow the global motion as well as regional
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deformation of the CSC. The SPAMMpulse sequence produced 1mmwide parallel
tag lines with an spacing of 7 mm between them. The tagging lines were oriented
perpendicular to the longitudinal axis of the neck to optimize the resolution of the
deformation of the spinal cord. Two images, a reference image and a deformed
image were obtained from the imaging sequence after each tagging. The SPAMM
tagging was produced in the beginning of the imaging sequence. After tagging,
there was a delay of 700 msec, during which motion of the head and neck took
place for the deformed image or the head remained stationary for the reference
image.

2.3.2 Experimental set-up

The head of the volunteers placed in the MRI scan was attached to a close-fitting
headgear with a nylon rope attached to the top of the scan, as can be seen in Figure
2.6. The rope prevented the head from lowering or slipping back. The end of the
rope was secured by one of the stops in a slotted box. The experiment started as
the volunteer comfortably flexed the head where a reference image was created.
Afterwards, one stop was released from the slotted box to allow the head to drop
from one position to another and create the deformed image. This procedure was
performed until the head rested on the padded surface coil. The entire flexion
created by the five volunteers was between 40◦ and 67◦.

Figure2.6: Experimental set-up. A volunteer in the flexedposition inside theMRI scan.
The black line is the rope attached to the head to restrict the headmotion (Modified from
Yuan Qing and Margulies S. (1998)).

2.3.3 Set-up of the simulation

The THUMS model including the CSC was positioned against a surface, as can
be observed in Figure 2.7. Likewise, the head of the model was flexed towards
approximately 42 ◦, see Figure 2.8. The flexion was achieved by applying a linear
displacement vector to a point in the skull bone. The displacement was estimated
to move the head 165 mm during the simulation time of 400 ms, creating a
head flexion. The simulation was performed with two different contact surfaces
between the outer shell part of the CSC and the vertebral column. The contact
surfaces implemented were the tied contact and automatic contact surface.
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Figure 2.7: Start position of the THUMS against a surface for the head flexion motion

Figure 2.8: Head flexion of the THUMS model

All the bones below the vertebra body T1 were made rigid to decrease the
computational time. The vertebra T1 was locked to avoid the inclination of the
upper part of the body as the head flexed. The head flexion angle was obtained by
selecting one node on the skull bone and two points on each side of the T1 vertebra,
as can be observed in Figure 2.9.
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Figure 2.9: Measure of the head flexion angle. One point on the skull bone and two on
the vertebra T1 were selected.

2.3.4 Data analysis

The experiment presented an evaluation of the strain of posterior and anterior
surface of the CSC. The SPAMM tagged line pattern in both the reference and
deformed images were used to compare the deformation of CSC during head
flexion. The cervical spinal cord was divided into three regions, upper (C2-C3),
middle (C4-C5), and lower (C6-C7) regions. In every region, the cord was divided
into segments, each segment on either anterior or posterior surface of the cord
was calculated and the lengths of the segments were summed together to obtain
the entire spinal cord length, L. The stretch (λ), associated with each head flexion
step was defined by equation (1), where the L reference is the length of the cord
in the reference image and L deformed is the length of the cord in the deformed
image.

λ = Lreference/Ldeformed (1)

Moreover, the strain (ϵ ) of the spinal cord was calculated from the equation
(2).

ϵ = λ− 1 (2)

For the THUMS model, the strain at different head flexion angles was calculated
from one half of themodel. The length between the upper edge and the lower edge
of each element on either the posterior or anterior surface of the CSC starting at
C2 to C7 was plotted against time, as can be seen in Figure 2.10. The sum of all
the element length gave the entire length of the CSC.
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Figure 2.10: The measure of the length of the posterior surface of the spinal cord

The stretch was calculated by using equation (3), which is a flipped version of
equation (1), where L deformed is the length of CSC in the deformed image and L
reference is the length of the CSC in the reference image.

λ = Ldeformed/Lreference (3)

The reference length was the CSC length at the start position and remained
constant. The deformed length was obtained as the change of length for every
time step. Consequently, the strain was calculated using equation (2). The change
of head flexion angle against time was used to plot strain against head flexion
angle.

2.4 Crash impact evaluation
The experiment[26] performed a frontal collision on five human volunteer to
measure the head rotation and head displacements relative the vertebra T1.
Similarly, a frontal collision simulation was performed on the THUMS model
with and without the CSC. The vertebra C0 was constrained to the lower part of
the head in both the models. Both the models were identical, the only difference
was the inclusion of the spinal cord and its contact surfaces. The contact surface
implemented between the outer shell of the CSC and the vertebral column was
an automatic contact surface. The crash impact was created by applying an
acceleration on the chest and arms of the THUMS. An evaluation of the head
kinematics against the experimental data was performed.
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3 Results

3.1 Mesh element quality

The refinement of themesh element quality for the elements of the CSCmodel was
performed to achieve the required simulation time step. The criteria for aspect
ratio was smaller than 3. A comparison of the percentage of the elements that do
not fulfil the criteria for the original and updated CSC can be seen in Figure 3.1.
The blue bar indicates the percentage of elements with an aspect ratio higher than
3 while the orange bar indicates the percentage of elements with an aspect ratio
higher than 4. The criteria was analyzed for both solid and shells elements. The
max value indicates the highest value of the aspect ratio which refers to the largest
deviation from the criteria. For an aspect ratio higher than 4, the solid elements
exhibit a decrease from 14% to 4% of the elements. For an aspect ratio higher
then 3, the percentage was decreased from 38% to 24%. For the shell elements,
the percentage of elements with an aspect ratio higher than 3 was reduced from
5% to 1%. The reduction of the solid elements in the lower part of the CSC with an
aspect ratio higher than 3 is illustrated in Figure 3.2.

Figure 3.1: Aspect ratio criteria. The blue bar indicates an aspect ratio higher than 3
and the orange bar refers to an aspect ratio higher than 4. The number of elements is
presented in percentage and the max value indicates the highest value of the parameter.
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Figure 3.2: The lower part of the CSC for the original and updated THUMS model.
The gray area indicates the solid elements with a higher aspect ratio than 3.

The warpage criteria was smaller than 10. In the same manner, a comparison of
the percentage of elements with warpage higher than 10 can be observed in Figure
3.3. The percentage increased from 11% to 17% for the solid elements and from8%
9% for the shell elements. However, the max value was decreased from 48.83 to
41.64 for the solid elements and from 47.53 to 40.06 for the shell elements.

Figure 3.3: Warpage criteria. The blue bar indicates a warpage higher than 10. The
number of elements is presented in percentage and the max value indicates the highest
value of the parameter.
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The criteria for Jacobian was higher than 0.7. Figure 3.3 shows a comparison
between the original and updated CSC only for the solid elements. This due
to that the shell elements did already fulfil the criteria. The blue bar indicates
the percentage of elements with a Jacobian smaller than 0.7 while the orange
bar shows the percentage of elements with a Jacobian smaller than 0.6. The
percentage was reduced from 18.6% to 18.50% for a Jacobian less than 0.6 and
from 6.50% to 5.20% for a Jacobian less than 0.7. The min Jacobian value was
increased from 0.28 to 0.39.

Figure 3.4: Jacobian criteria. The blue bar indicates a Jacobian smaller than 0.7 and
the orange bar refers to a Jacobian less than 0.6. The number of elements is presented
in percentage and the min value indicates the minimal value of the parameter.

The percentage of elements that do not fulfill the criteria was attempted to be
around 5 % for each parameter. For the solid elements, this was achieved for the
aspect ratio higher than 4 and Jacobian smaller than 0.6. For the shell elements,
this agreement was accomplished for the aspect ratio and Jacobian.
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3.2 Biofidelity of the model

3.2.1 Experimental strain evaluation

The experimental strain of the CSC was established as a linear regression of the
mean of the five volunteer’s data. Figure 3.5 shows a comparison of the posterior
strain between the experiment and the simulation strain with a tied contact and
automatic contact surface between the outer shell part of theCSC and the vertebral
column.The posterior strain increases with increased head flexion angle and the
positive values indicate an extension of the posterior surface. The tied contact
surface shows a similar strain increment as the experiment while the strain for
the automatic surface differs more as the strain values are smaller at higher head
flexion angles. Therefore, a better correlation with the experimental data can be
observed with the tied contact than the automatic contact.

Figure 3.5: Posterior strain against head flexion angle. Experimental strain is
indicated in green. THUMS strain obtained with tied contact and automatic contact
surface are indicated in red and blue respectively.

The anterior strain of the CSC against the head flexion angle can be observed
in Figure 3.6. The experimental strain increases with the head flexion angle,
which indicates an extension of the anterior surface of the CSC. The strain
from the THUMS model with the tied and automatic contact surfaces shows no
deformation as the strain remains constant until approximately a head flexion
of 17 ◦. At this point, the surface slightly flexes as the strain decreases and
becomes afterwards constant until the end of the flexion. The strain from the
simulations with both contact surfaces differs from the experimental data as the
strain observed is minimal.
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Figure 3.6: Anterior strain against head flexion angle. Experimental strain is
indicated in green. THUMS strain obtained with tied contact and automatic contact
surfaces are indicated in red and blue respectively.
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3.3 Crash evaluation

3.3.1 Head kinematics of the THUMS

The motion of the head for the THUMS with and without the CSC model at
different time intervals can be seen in Figure 3.7. The THUMS model with the
CSC is represented in red and themodelwithout theCSC in turquoise. Adifference
in the head position is noticeable during the head flexion at the time of 120 ms.
Following, the head position difference increases as the head goes from flexion to
extension. It is visible that the THUMS without the CSC shows higher head and
neck motion compared to the THUMS with CSC.

Figure 3.7: Cross section of the THUMS model with and without the cervical spinal
cord during a frontal collision. The model with the CSC is represented in red while the
model without the CSC is represented in turquoise.
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The kinematics of the head during the frontal collision were analyzed by
comparing the THUMS model with and without CSC with the experimental data.
The rotation of head center of gravity (CG) can be seen in Figure 3.8. The rotation
in y direction was compared against the experimental data presented in form of a
corridor marked in red. The positive values indicate the flexion of the head while
the negative values indicate the extension of the head. During flexion, the rotation
of the models are higher than the experimental data. As the motion goes from
flexion to extension the THUMS model rotation become highly negative, which
indicates that the head extends greatly. The comparison between the THUMS
models shows that the model without CSC exhibits a faster rebound after the
flexion than the model with CSC.

Figure 3.8: Rotation of the head CG.

The head CG displacement in x direction relative to the T1 can be visualized in
Figure 3.9. Also here, the experiment data is presented in a corridor where the
positive values indicate flexion and the negative values extension. Both themodels
exhibit a higher displacement than the experiment during flexion. However, the
difference increases after time 150 ms when the model extends the neck from the
flexed posture. The difference in the motion of the head between the THUMS
models increases during extension.
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Figure 3.9: Displacement in x direction of the head CG relative T1.

Figure 3.10 shows the head displacement in z direction relative to T1. The positive
values indicates extension and the negative values indicates flexion. Both THUMS
models exhibit a displacement during flexion that is in accordance with the
experimental data. However, as the head starts to extend the motion downwards
decreases and increases largely upwards. The difference between the THUMS
with andwithout CSC areminimal during the flexion but the THUMSwithout CSC
shows again a larger rebound than the THUMS with CSC during extension.

Figure 3.10: Displacement in z direction of the head CG relative T1.
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4 Discussion

4.1 Modeling of the model
The modeling of both the solid and shell elements in the cervical spinal cord had
some limitations. An optimal agreement with the mesh quality criteria was an
achievement of 95 % of the elements, which means that only 5 % of elements did
not fulfil the criteria [24]. This was not reachable for mostly of the criteria due
to the sensitivity of the thresholds of the quality parameters. Minor changes to
decrease one parameter for a certain element lead to the changes of the quality
of the element next to it and even affected the value of another parameter. The
difficulty with themodeling of the element may be due to the size and shape of the
elements in the spinal cord. However, themodeling of the shell elementswasmore
manageable due to the simplicity of the geometry as they are 2D elements.

The elements were adjusted to decrease the values of the quality parameters. It
is known that an aspect ratio around 3 is desirable for a correct prediction of
the deformation[22]. For that reason, a smaller aspect ratio was reached with
a decrease of the element size. However, a drawback of a model containing
small element size is the inevitable increase of computational time, which is not
desirable. Therefore, one of the criteria was to not decrease the time step of the
model as THUMS is an option in industries due to its lower computational cost
[7].

The element quality affects the computation time but also the robustness of a
model[22]. A coarse approach is useful for a proper time consumption, but a
higher accuracy of the model can be obtained with a mesh refinement[6]. A finer
mesh improves the detail level of the model leading to a closer resemblance of
reality[27]. However, a complex geometry and additional conditions between
organs can lead to a considerable decrease of numerical stability[28]. The
objective of the given criteria was to increase the element quality to create a more
accurate and robust model. However, the limits due to the size of the elements
required for the computational time, made it complicated to completely satisfy
it.

4.2 Strain evaluation
The second part of the report presents an evaluation of the updated CSC strain
during a head flexion. The CSC with tied contact surface showed a similar
posterior strain as the experiment. It may be due to that the tied contact surface
attaches the CSC tightly to the vertebral column, which resembles better the
real contact behavior. The automatic contact surface allows more motion of the
spinal cord within the vertebral column which is not in accordance with the real
behavior of the CSC against the vertebral column. The anterior strain obtained
with both the contact surfaces differed highly from the experiment. The minimal
anterior deformation may depend on possible sources of error as for example the
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calculation of the strain and the modeling of the CSC.

The calculation of the strain was complicated to replicate because the experiment
measured the length of the entire spinal cord with tag lines from the SPAMM
imaging sequence. For the simulation, the length of the entire CSC was calculated
as the sum of all the elements along the surfaces. An adequate description of the
location of the tag lines upon the CSC or at which vertebral level the tag lines
started were not mentioned in the article.

Furthermore, the experiment indicates that the change in length during flexion
was calculated backwards as the deformation image was taken when the head
extended back from the flexed position. Therefore, to obtain the strain for the
simulations the stretch was calculated with equation (3). This due to the model
started in the extended position and flexed the head. The measure of the head
flexion angle may also influence the obtained strain results. The selection of the
three points creating the angle was not accurate since the article did not offer any
further explanation of it. However, the obtained head flexion angle increased
until 42 ◦ as in the experiment. Moreover, there were no found information of
the anthropometry of the volunteers for a better comparison with the THUMS
model.

The contact constrains between the CSC and the vertebral column may lead to
the deviation of the results of the anterior surface strain of the CSC. The contact
energies showed negative values which indicate that the parts slide into each other
resulting in a minimal penetration for the anterior surface. Amore correct sliding
between the parts can may be obtained with another type of contact surface such
as a tied break contact.

Another possible factor that may contribute to the results was the positioning of
the THUMSmodel. The model was not completely positioned against the surface
as the volunteers from the experiment. Therefore, the position of the legs andneck
may cause a movement of the lower body that lead to less deformation of CSC. A
correct position of the lower body against the surface may create a counterweight
and increase the strain values. Also, the headwas not correctly positioned to reach
a neutral position when a headmoves back to a flexed position. This probably had
an impact on the center of rotation of the head relative to the body reducing the
effect of the force on the body.

4.3 Crash impact evaluation
In the third part of this thesis a comparison of the THUMS with and without the
CSC against experimental data was performed. In general, the head kinematics
obtained from the simulations differed considerable, mostly during the extension
of the head. One of the reasons may be the inclusion of only the passive muscles
and the lack of active muscles activation as the human body contains both active
and passive muscles. Moreover, the fast rebound showed for both the THUMS
models can be due to elastic material property of the neck skin.
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The difference between the THUMSwith and without the CSC was slightly during
flexion but increased during the extension of the head. The differences obtained
were remarkable since the CSC has a gelatinous consistency that should not affect
the behavior of the head and neck considerably. A possible source of error can
be the contact constraints between the CSC and vertebral column that restrict the
motion of the head and neck. Also here, another contact surface that allows a
proper sliding of the CSC within the vertebral body should be implemented.

4.4 Future Work
A detailed modeling of the updated CSC can further increase the accuracy of the
model. Nevertheless, if a finer mesh is performed to the THUMS, the trade-off
between biofidelity versus computational time and numerical stability has to be
evaluated for each adjustment. Moreover, the contact constraints between the
vertebral column and the CSC needs to be evaluated. The end part of the spinal
cord needs to be further adjusted to avoid penetration with the T1 vertebra as
well as an analysis of the impact of the material properties of the neck skin on the
cervical spine needs to be performed.

A validation of the updated CSC in THUMS is necessary for a better analysis.
In this thesis, an evaluation of the updated CSC was performed instead of a
validation. The reason for this was the lack of dynamic experimental studies
that directly focus on the spinal cord. All the experiments found and presented
in Appendix 6 section E, evaluated the flexion or extension of the spinal cord
during a long time interval leading to a static simulation. Validation against
experimental studies that develop a dynamic simulation is more suitable to
evaluate the deformation of the spinal cord and injury mechanism.
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5 Conclusions
The inclusion of internal organs like the spinal cord can be desirable to obtain
more stability and accuracy during crash simulations. The updated spinal cord
inserted in the THUMS model demonstrated a favorable correlation with the
experiment data for the posterior surface strain of the CSC. Moreover, the frontal
collision evaluation indicated that a further evaluation of the contact constraints
and neck skin material properties needs to be performed for a better resemblance
with the real human behavior.

For a better analysis of the spinal cord in the THUMS model, validations against
experiments that lead to higher deformations of the CSC in a shorter time period
are necessary. However, there is a lack of these kind of experimental studies with
a focus on the spinal cord, which makes it challenging to obtain a reliable injury
prediction of the spinal cord injuries.
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A Background Introduction
The aim of this report is to increase the understanding of the anatomy and
biomechanics of the spinal cord to develop a suitable FEmodel. These background
chapters are based on a literature study that focus principally on the biomechanics
behavior of the spinal cord that can be associated with spinal cord injuries.
Consequently, an introduction of finite element (FE) modeling is presented, as
well as experimental studies on the changes of the spinal cord that are included to
find appropriate cases for the validation of the FE model.

B Epidemiology of spinal cord injuries
According to the World Health Organization (2013), between 250 000 and 500
000 people suffer a spinal cord injury (SCI) each year around the world. The
estimated annual global incidence is 40 to 80 per million population. Mortality
rates in the first two years following SCI has been reduced over the last 30 years.
However, it has results in a higher life expectancy and financial demands. Centers
for Diseases Control and Prevention (CDC) estimates that SCI cost the society
approximately 9.7 billion dollars every year [1].

Spinal cord injury (SCI) can lead to damage or complete loss of sensation and
motor function because the connection between the brain and the spinal cord
breaks in full (completely) or in part (incompletely) [2]. Prevalence data indicate
that approximately 42.1% of cases of spinal cord injuries are associated with
motor vehicle crashes. The next most common cause is falls (26.7%), followed
by acts of violence (15.1%) and sports injuries (7.6%) [3]. The common types
of vertebral column injuries associated with spinal cord injuries are transverse
contusion, distraction and dislocation. Transverse contusion occur in a burst
fracture in which the vertebral body is severely compressed. This cause the nerves
become bruised causing bleeding and inflammation leading to a canal occlusion.
Distraction is the result of axial displacement leading to horizontal fracture of
posterior elements while dislocation occurs when the facet joints experiences an
impact that an anterior displacement of the vertebral body [4].

The severity of an injury depends on the spinal cord region that is affected. Sekhon
(2001) [5] states that 55 % of all SCI occur to the cervical region and 15 % each to
the thoracic, lumbar and lumbosacral spine. SPI at the cervical level (C1-C7) result
in tetrapleglia, which is a paralysis of the legs, trunk and arms, while lesions at the
thoracic or lumbar level (≤ T1) result in paraglegia, which is a paralysis of the legs
andpart of the trunk. Themost frequent injury condition is incomplete tetraplegia
(30.1%), followed by complete paraplegia (25.6%), complete tetraplegia (20.4%)
and incomplete paraglegia (18.5%) [3]. Themortality rate for patients with lesions
at the cervical region between C1–C3 is 6.6 times higher than the mortality rate
for those with paraplegia. Similarly, the relative risks for cervical injuries at C4 or
C5 and C6–C8 were 2.5 and 1.5 times higher, respectively, than the mortality rate
for those with paraplegia [5].
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Spinal cord injuries severity depends on the magnitude of the force, duration of
impact, displacement and kinetic energy. A spinal cord model used to evaluate
different types of injuries [6], have shown that focal strains can be observed in
contusion and dislocation, while more uniformly distributed strains along the
cord can be observed in distraction. Moreover, dorsal column withstands higher
strains than the ventral column. Prolonged stresses on the cord produce a greater
damage and poorer recovery compared with shorter periods of impacts. The
loading rate is associated with the extent of injury, in gradually applied loading
much smaller forces are required to produce similar displacements than in an
acute applied impact force. It has been demonstrated that the rapidly strains in
the spinal cord results in loss of neural function caudal to the injured region [7].
Meanwhile, at low strain rates, the fiber tracts behave in a wavy form that may
protect the neural fibers from injury [8].

Several spinal cord models have been developed to analyze the damage to neural
tissues that are related to peak and local strains. For that reason, the use of
the computational techniques of finite element (FE) modelling is necessary to
measure these strains [9].

C Anatomy

The human spinal cord is part of the central nervous system (CNS) and
extends within the vertebral column through a canal formed by the vertebrae.
The vertebral column consists of about 33 vertebrae that are separated by
intervertebral dics and divided into regions [10]. The division of the vertebrae into
cervical, thoracic, lumbar, sacrum and coccyx regions can be observed in Figure
1.

The structure of a vertebra consists of a body part that is attached posteriorly to a
vertebral arch. The opening between the vertebral arch and the body is called
the vertebral foramen and forms the vertebral canal (Figure 2). The vertebral
canal serves as a bony protection and passage for the spinal cord. Moreover,
the opening between two adjacent vertebrae is called intervertebral foramen and
allows the exit of the spinal nerves from the vertebral column, see Figure 2 [10].
The intervertebral discs are composed of anulus fibrosus and nucleus pulposus.
The anulus fibrosus is a fibrous outer layer that is firmly attached to the outer
surfaces of the adjacent vertebral bodies, while the nucleus pulposus consists of
a gel-like component inside the discs. Both parts give flexibility and stability to
the vertebral column. This due to the gel-like mechanical behavior of the nucleus
pulposus that allows it to be flexible under stress and resist compression as it
absorbs impact energy of the vertebral column and redistribute it to the annulus
fibrous [11].
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Figure C.1: The vertebrae regions of the human vertebral column. (Reproduced from
Gray´s anatomy (2008))

The spinal cord is attached along the vertebral column with ligaments. There
are two primary ligament systems, the intrasegmental and intersegmental. The
intersegmental system supports a group of vertebrae together and consists of
the anterior and posterior longitudinal ligaments (Figure 3). The posterior
longitudinal ligaments (PLL) are attached to the posterior side of the vertebral
bodies and contributes to resist hyperflexion and prevent posterior spinal disc
herniations of the nucleus pulposus. Anterior longitudinal ligaments (ALL) are
attached to the anterior part of each vertebra body and limits hyperextension of
the vertebral column. There is a ligament in the posterior part of the neck called
nuchal ligament, that is attached to the midline base of the skull and extends
from C1 to C6 vertebrae. It prevents the skull from falling forward as it limits
hyperflexion of the neck [9]. The intrasegmental system supports individual
vertebrae together. Themost important ligament of this system is the ligamentum
flavum, see Figure 3, which is situated posterior to the spinal cord and between
the lamina regions of adjacent vertebrae. It is the strongest ligament because it
consists of abundant elastic fibers that allows it to strech and hold back [10].
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Figure C.2: The structure of a cervical vertebra showing the vertebral foramen formed
by the body and the vertebral arch. (Reproduced from Gray´s anatomy (1918))

Figure C.3: The posterior longitudinal ligament and ligament flavum attaching the
spinal cord along the vertebral column. (Reproduced from Gray´s anatomy (2009))
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C.0.1 The inner structure of the spinal cord

The spinal cord is made of nervous tissue that is covered with three connective
tissue membranes called meninges. The inner membrane is the pia mater, which
is tightly attached to the cord. The middle membrane is the arachnoid mater and
the outer membrane is the dura mater, as can be seen in Figure 4. The space
between the pia mater and the arachnoid mater is known as the subarachnoid
space, which contains cerebrospinal fluid (CSF). Furthermore, the spinal cord is
attached to the dura mater with triangular shaped ligaments called denticulate
ligaments [10].

Figure C.4: Cross section at the level of the fifth cervical vertebra showing the spinal
meninges.(Reproduced from Putz, Sobotta Atlas of Human Anatomy (2008)

The interior of the spinal cord consists of gray matter, which is surrounded by
white matter, as can be observed in Figure 4. The gray matter has a narrow
band in the middle that contains cerebral spinal fluid and two horn regions. The
posterior horn and anterior horn are responsible for sensory processing andmotor
processing respectively [12] . On the other hand, the white matter is divided into
columns containing myelinated tracts. The ascending tracts of fibers in these
columns carry sensory information up to the brain, while the descending tracts
carry motor information from the brain[13].

The spinal cord consists of tissues with different material properties that
contributes to its behavior. For that reason, the next section will present
information about the characterization of material properties of several tissues
of the spinal cord.
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C.1 Connection between the spinal cord and brain

The brain is composed of the cerebrum, the cerebellum and the brain stem. The
brain stem is divided into three parts which are the midbrain, the pons and the
medulla oblongata. The spinal cord is connected to the brain stem, which extends
from the base of the cerebrum to the cervical spine (Figure 4). The medulla
oblongata is the caudal part of the brain and is continuous to the spinal cord.
The pons is an essential part of the brainstem since it transfers signals between
parts of the brain and the spinal cord [11]. MRI images have revealed an angle
formed by the medulla and the spinal cord in sagittal plane. This allowing a way
to investigate the mobility of the spinal cord during flexion and extension of the
head [14]. Moreover, the cerebellar tonsils are located on the under surface of
each cerebellar hemisphere and above the foramen magnum. Due to its location,
it can easily be seen on sagittal section of the brain [15].

Figure C.5: Cerebellar tonsils in relation to the foramen magnum and the spinal
cord(Reproduced fromMayfield Clinic (2016).
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Figure C.6: Cerebellar tonsils in relation to the foramen magnum and the spinal
cord(Reproduced fromMayfield Clinic (2016).

D FE modeling of the spinal cord

The spinal cord is hyperelastic, nonlinear and viscoelastic. It can be observed
in the stress strain curves of the spinal cord that show an initial nonlinear
deformation, followed by a linear deformation before failure. Figure 6 illustrates
how the spinal cord undergoes initially larger displacements of more than 10% of
its original length with minimal forces (0.01 N) that consequently is followed by
an increment of resistance leading to smaller displacements associatedwith larger
forces (20-30 N) until the cord failure [7].

Moreover, it has a stress relaxation property that refers to how internal stresses,
under a constant strain, decrease exponentially over time. Figure 7 illustrates
also the variation of the stress relaxation depending on the initial loading strain
applied. A significant relaxation can be observed over one minute and it varies
from 25 seconds to 30 minutes for the spinal cord to fully recover after a loading
force has been applied [16].
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Figure D.1: Schematic graph
showing
the stress strain relationship of the
spinal cord in mechanical testing.
It shows that the overall stress is
strain rate dependent(Reproduced
from Bilston 2005).

Figure D.2: Schematic graph
showing
the stress relaxation relationship of
the spinal cord (Reproduced from
Bilston 2005).

The mobility of the spinal cord varies along the vertebral column. The cervical
region allows all possible movements such as flexion, extension, lateral flexion
and rotation. Thoracic region only exerts lateral flexion and rotation, but no
flexion and extension and the lumbar region only performs flexion and extension.
The reason of this limitation of movement along the spine is due to the facet
joints between two adjacent vertebrae. These are oriented differently in the
vertebral regions and contribute to differences in kinematics that lead to diverse
biomechanical impacts on injury patterns [17].

The nonlinear property of the spinal cord depends on its connective tissues
containing collagen hat also significantly contribute to the viscoelastic response.
Viscoelasticity means that the spinal cord exhibits both a viscous and a elastic
behavior under deformation. The viscoelastic behavior is a time-dependent
mechanical property that is strain and strain rate dependent and can be obtained
from stress-relaxation tests. However, this implies that any value of modulus
is only true for a specific strain and strain-rate making it difficult to obtain
an accurately characterization of the modulus for the whole spinal cord [18].
Hyperelastic material models like Yeoh, Ogden and Mooney Rivling models are
used to capture the nonlinear response of thematerial under loading [19]. Another
mechanical aspect of the spinal cord is its incompressibility. It means that an
increase in the cross-sectional area leads to a decrease in its length and conversely.
An understanding of this feature is important since lesions in the spinal canal
compromise the ability of the cord to adapt to such changes leading to the induce
of abnormal stresses on the cord [13].

Furthermore, the dura mater is attached more tightly to the spinal cord in the
flexed position than in the extended position. The dura mater moves within the
spinal canal as the spine cord lengthens during neck flexion. A forwardmovement
leading to a lesion within the canal can therefore hinder the mobility of the dura
mater and increase tension and thereby pain [10]. The pia mater binds to the
dura mater laterally with the dentate ligaments and contributes to the lateral
attachment of the spinal cord to the spinal canal. The dentate ligaments can apply
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a tensile force on the spinal cord in a rostral to caudal orientation. This provides
fixation and stabilization within the dura mater maintaining the spinal cord in a
central position. The tension of the ligaments increases therefore more in flexion
than extension [20].

D.1 Material properties of the spinal cord
Several mechanical tests have been performed to characterize material properties
of the spinal cord. Some of these relevant parameters are explained in Table D.1
[19].

Table D.1: Relevant material parameters

Material Parameter

Elastic parameter Young´s modulus (E)

E = σ / ε [kPa]

where

σ = stress

ε = strain

Poisson´s ratio (ν)

ν = −εlat/ε

where

εlat = strain in horizontal direction

ε= strain in loading direction

Shear modulus
Describes the relation between

transverse stress and strain.

Some studies [19][21] performed stress-relaxation and dynamic cycling to
investigate the viscoelastic and nonlinearly mechanical properties of the spinal
cord. Karimi measured the linear and nonlinear compressive mechanical
properties of the spinal cervical cord without its meninges at a slow rate of 5
mm/min until failure. The Young´s modulus, which indicates the strength of
the tissue was obtained to 40.12 kPa. Besides, Mazuchowski (2013) performed
a tensile loading test on the spinal cord without pia mater. It demonstrated no
rate sensitivity of the Young´s modulus in the axial direction at low rates which
was 89 kPa.These results show that the human spinal cord is stiffer under tensile
loading (E = 89kPa) compared to compressive loading (E = 40.12kPa).

The effect of strain rates responses of the spinal cord was investigated by Bilston
(1995) because the loading rates have a profound effect onmechanical properties.
The stress time curves indicated that higher strain rate results in subsequent
increment of the stress relaxation behavior, leading to a higher stiffness at higher
loading rate. The results for the average stiffness was 1.02 MPa at the lowest
strain rate of 0.068 s-1. For the medium strain rate of 0.14 sec-1, the average
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stiffness was 1.17 MPa and for the highest strain of 0.21 sec-1 it was 1.37 MPa[18].
Similar conclusion was drawn by Barker (2012), who investigated the behavior of
the cervical spine segments to high rate loading in flexion and extension. The tests
showed an increased stiffness at higher strain rates [22].

Nonetheless, as Barlett (2016) states, it is important to understand how the
variation of the measurements techniques can affect the results. For instance,
the attachment of the specimen, direction of force and loading rates results in
a disparity of stiffness values. This depends mainly of the soft and viscoelastic
nature of the spinal cord, whereby factors like strain-rate and stress-relaxation
behaviors tend to confound mechanical measurement.

In the following sections, material properties of the separately tissues of the spinal
cordwill be presented to understand its contribution to themechanics of thewhole
spinal cord.

D.1.1 Pia mater and dura mater

The membranes of the spinal cord, mostly the pia mater and dura mater, have
an influence on the mechanical properties of the spinal cord. Ozawa (2004) [23]
evaluated the Young´s modulus of the pia mater to 2.3 MPa and a Poisson´s ratio
of 0.3. It is having a significant higher Young´s modulus than of the spinal cord
covered by the piamater. The reason of this dependsmainly on the elasticity of the
elastic fibers andpartly on that of the collagen fibers. Another study (Bilston,1995)
[18] demonstrated that the pia mater gives the spinal cord a Young´s modulus
of 1.40 MPa compared to 0.089 MPa without the pia mater in axial direction
loading at lower strain rates. It leading to conclusion that the pia mater increases
the elastic modulus of the spinal and enhance its shape recovery after removal
of the loading. Moreover, the innermost meninges significantly also affect the
viscoelastic response of the intact spinal cord [24].

The dura mater, which firmly covers the spinal cord, demonstrated a Young´s
modulus of 142MPa and a Poisson´s ratio of 0.45 [25]. Moreover, shear tests [26]
of the dura mater showed that the shear modulus was lower in the longitudinal
direction than the circumferential one. This means that the dura mater is
anisotropic as it has a higher recruitment of the collagen fibers in the longitudinal
direction. The anisotropy of the dura mater might be due to the need for a greater
deformability and strength in the direction in which the neck is flexed.

Table D.2: Material properties of the spinal tissues

Spinal tissue Young s modulus [MPa] Poisson´s ratio References

Dura mater 142 0.45 Wilcox, 2003

Pia mater 2.3 0.3 Ozawa, 2004
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D.1.2 White matter and grey matter

A study performed by Bartlett (2016) [16] measured the mean modulus of the
white and gray matter respectively and concluded that the differences between
the two tissues depend on its composition and architectural interaction between
neurons and glia cells. However, the disparity of modulus values from different
experiments due to the viscoelastic behavior make it difficult to accurately
estimate the absolute values of grey and white matter modulus in spinal cord
tissue.

A common way to quantify mechanical properties of gray and white matter is
by indentation since it minimizes boundary effects, dehydration and structural
degradation. Several indentation tests [27] have demonstrated that the elastic
modulus of the white matter is higher than the gray matter. The white matter
showed a Young´s modulus of 1.895 kPa, which was approximately 36% stiffer
than the gray matter with a Young´s modulus of 1.389 kPa. Moreover, a shear
test [28] measured at 20-30 Hz showed that the shear modulus ranges from 0.40
to 0.62 kPa for white matter meanwhile it was 0.30 kPa for gray matter. A reason
underlying this difference can be because the white matter is highly anisotropic
consisting of an array of aligned parallel axial fibers meanwhile the gray matter is
less well-organized and therefore isotropic. For that reason, the direction of force
applied alter the modulus both in shear and tension tests.

Moreover, Ichiara (2001) showed performing compression tests that higher strain
deformation gives significant differences between the modulus of white and grey
matter compared to the small differences at lower strains, as can be observed in
Figure 5. The failure at higher strains for gray matter was 48,6 while it was 126.1
for white matter. These results demonstrated that the gray matter is stiffer, as it
has a higher elastic modulus andmore fragile as it has a lower elongation than the
white matter [29].

Figure D.3: Stress strain graph comparing the deformation characteristics of gray
and white matter under compression (Reproduced from Ichiara 2001).
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D.2 Finite element method (FEM)

Finite element (FE) method is a mathematical modeling technique that has
been used to describe and quantify the biomechanics of different components
of the vertebral column, including the spinal cord [30]. It is a valuable tool for
understanding the injury biomechanics associated with experimental spinal cord
injuries as strain distributions and local deformations can be analyzed [4]. LS-
DYNA is a computational software where the FE models can be implemented.
It simulates complex problems providing the dynamic responses of solid bodies
based on explicit time integration. Boundaries conditions andmaterial properties
need to be applied to themodel, as well as initial conditions in the case of dynamic
problems to obtain relevant results [31].

D.3 THUMS/KTH model

The Total Human Model for Safety (THUMS) is a human FE model developed
by Toyota Motor Corporation to simulate human body kinematics and injury
responses in car crashes [32]. The head and neck of this model were replaced with
KTHhead and neckmodels to improve it. KTHhead and neck FEmodels has been
developed by the Department of Neuronics Engineering, KTH, Sweden using LS-
DYNA [33][34]. The KTH neckmodel includes the cervical vertebral column with
seven vertebrae, and all important surrounding tissues as discs, facet joints and
ligaments. The vertebral geometry was obtained from CT scans of a 27-year old
male which was scaled to represent a 50 th percentile male. The neck model has
been validated at component level against literature data fromHalldin and Brolin
(2004) [34]. Moreover, the combined THUMS/KTH model has showed a great
correlation with sled experiments for head kinematics [35].

A version 4.02 of The Human Model for Safety (THUMS) has been developed
including the spinal cord. It enhances the previous models with the addition of
the brain model,the brain stem and spinal cord. However, information regarding
the validation of the spinal cord is not available. [36]. For that reason, an
improvement of the THUMS/KTHmodel by further inserting the spinal cord can
make it possible to analyze the influence of the spinal cord injuries on the human
body.
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Figure D.4: THUMS/KTH SAFER occupant model.

Figure D.5: KTH neck model with vertebrae, ligaments and discs (Reproduced from
Alvarez 2014).

40



E Validation of the FE model

E.1 Experimental studies on human spinal cord

Several studies have been performed to analyze the displacements of the spinal
cord in flexion and extension. This, in order to evaluate the kinematics of the
cervical spinal cord relative to the vertebral column motion.

Qing Yuan (1998) [37] measured the deformation of the spinal cord in five
volunteers, 3 men and 2 women between 23-49 years old during flexion. Two
midsagittal images for each movement was obtained, the first one referred as the
reference image and the second one as the deformed one. The average total flexion
was of 55± 8.1 ◦ in a supine posture. The tagged lines in the images perpendicular
to the spinal cord were compared to compute the displacement of the spinal cord
at varying degrees of flexion. Two points from the tag lines on the head and two
points from T1 vertebra determined the head angle. The flexion angle for one
motion was defined as the difference between the head angle in the reference and
deformed images. Moreover, the spinal cord was divided into three regions upper
(C2-C3), middle (C4-C5) and lower (C6-C7) regions. The length of each segment
in every region was calculated from the coordinates of the adjacent points at the
intersections of the tag lines and the surface of the cord. The regional length of
the cord L was the sum of the lengths of the segments in that region.

Furthermore, the superior and posterior surfaces of each cervical vertebra and
the intersections of the tag lines with the anterior and posterior surfaces of the
spinal cord at each vertebra were selected. Two vectors a and b were defined,
as can be seen in Figure 11. Vector a was defined from the inferior to superior
extent of the vertebral body while the vector b was defined from the inferior
extent of the vertebral body to the point at the intersection of the tag line with
the spinal cord surface at that vertebral level. The projection of vector b on vector
a indicated the axial position of the point on the cord relative to the vertebral
body. The displacements of the points at the intersections of the tag lines with the
spinal cord surface relative to the fiducial markers was calculated. The difference
between axial position in the deformed and reference image was defined as axial
displacement of the spinal cord. The cumulative displacements were computed
by summing the axial displacements from each step. The average displacements
of the anterior and posterior surface of the cervical spinal cord relative the neutral
position from C2 to C7 vertebrae are shown in Table 4.
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Figure E.1: Distance between the intersections of the tag lines with the spinal cord.

Table E.1: In vivo cervical spinal cord displacement in flexion

In Vivo Human Cervical Spinal Cord

Deformation and Displacement

in flexion

Qing Yuan et al.

(1998)

Average cumulative axial

displacement of the spinal cord

at cervical spine levels [mm]

Anterior surface of spinal cord:

Caudal (down) displacement:

-1.5 [C2], -1.1 [C3], -0.5 [C4],

-0.4 [C5]

Cephalad (up ) displacement:

0.9 [C6], 2.1 [C7]

Posterior surface of spinal cord:

Caudal (down) displacement:

-2.7 [C2], -2.6 [C3], -1.5 [C4],

-0.9 [C5]

Cephalad (up) displacement:

1.1 [C6], 2.7 [C7]
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Endo (2014) [38] analyzed the relationship of sagittal length between the cervical
spinal cord and the vertebral canal in flexion and extension. The experiment
enrolled 28 male and 34 female (45 ± 8.5 years old) and all the measurements
were performed in the supine position. Cervical flexion was initiated by placing
a 20 cm pillow below the head and the cervical extension by placing the same
pillow below the upper thoracic vertebrae. The range of motion from neck flexion
to extension was 41± 4.5 grades. On a sagittal scan, the length of the cervical cord
was defined as the length between the caudal side of the pons until the lower C7
vertebrae. The investigation of the upper cervical movement during neck motion
was performed by the measure of the length (X) between the cerebellar tonsils
and the foramen magnum. The position of the cerebellar tonsils was defined as
the length between a line that crosses the caudal end of the cerebellar tonsils (a to
c) and a line that crosses the cord at the foramen magnum(a to b), as can be seen
in Figure 9. The results from the experiment are shown in Table 2.

Figure E.2: Distance between the cerebellar tonsils and the foramen magnum (X).

Table E.2: Analysis of cervical cord motion at dynamic neck motion.

Kinematic Analysis of the cervical

cord and canal by dynamic neck motion

Kenji Endo et al.

(2014)

Average sagittal length of

the middle line for the cervical

spinal cord:

From extension to elongation:

The mean lengthening was 7.8 mm.

The position of the cerebellar tonsils

from the foramen magnum (X):

In flexion: 6.4 ± 4.6 mm

In neutral position: 5.5 ± 4.1 mm

In extension: 5.5 ± 3.5 mm
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Margulies (1992) [39] examined the deformation and displacement of the cervical
spinal cord within the vertebral canal at varying degrees of flexion and extension.
The angle was defined for every step as the change in orientation of a line tangent
of the head relative to the posterior edge of the vertebrae T1. The studies were
performed on two normal volunteers and the entire range of flexion and extension
was larger than 50 grades from the neutral position. Three points along each
tag line on the image, A and B in the anterior cervical vertebrae and point C
in the anterior surface of the spinal cord were selected (see Figure 10). The
regional deformation or stretch ratio of the spinal cord was calculated as length
final/ length reference at each vertebra. Axial spinal cord displacement relative
vertebrae was obtained by comparing between the initial neutral posture and the
deformed one. The cumulative cord displacement was calculated by summing the
displacement values for that motion step with those from previous steps. The
cumulative stretch ratio, which was calculated by multiplying the stretch ratio
for a given step with those from all previous steps. A cumulative strain rate
greater than one indicated the spinal cord elongated while values less than one
indicated a shortening of the spinal cord. Table 3 shows the average cumulative
stretch ratio and displacements in both flexion and extension relative the neutral
position.

Figure E.3: Distance between the anterior of the spinal vertebra and the surface of the
spinal cord.
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Table E.3: In vivo displacement and deformation of the cervical cord in flexion and
extension

In vivo motion of the human cervical

spinal cord in extension and flexion

Margulies et al.

(1992)

Average cumulative axial

displacement of the spinal cord

at cervical spine levels [mm]

In flexion:

Caudal (down) displacement:

-0.38 [C3], -0.74 [C4], -0.9 [C5]

In extension:

Caudal (down) displacement:

-5.56 [C3], -0.70 [C4], -0.79[C5]

-0.98 [C6], -2.18 [C7]

Average cumulative deformation/

stretch ratio of the spinal cord

at cervical spine levels [mm]

In flexion:

1.01 [C3], 0.93[C4], 1.02 [C5]

1.02 [C6], 1.12[C7]

In extension:

0.75 [C3], 0.93[C4], 0.98 [C5]

0.99 [C6], 0.91[C7]

Ji and Margulies (2007) [40] evaluated the displacement of the pons to clivus
as a function of the head flexion. By comparing the pons displacement at the
same flexion angle, roles of spinal cord tension can be investigated. Seven male
and eight females (23-46 years old) without spinal abnormalities were involved
in the experiment. Sagittal MR images were acquired in a four flexion to neutral
sequences in supine and prone postures. The reference to displaced images were
used to evaluate the pons displacement at the foramen magnum. The boundaries
of pons and clivus were determined and the pons edges were fitted into an ellipse
using a direct least squares method, as can be observed in Figure 12. The fitted
ellipse from the reference image were transformed into the displaced image. The
displacement of the pons was obtained by comparing the pons locations and then
decomposed into components. The evaluation of those components could be used
to separate the influences of spinal cord tension and gravity on pons displacement.
Table 5 shows the average pons displacements in head flexion.
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Figure E.4: The position of the boundaries of the pons fitted in a ellipse and the clivus
boundaries in blue relative to the neutral axis.

Table E.4: Evaluation of pons displacement in flexion parallell and perpendicular to
the clivus surface

In vivo pons motion within the skull
Songbai Ji, Susan Margulies.

(2005)

Average displacement of the

pons in head flexion parallell

to the clivus surface [mm]

Flexion angle (supine): 43-68 ◦

Caudal (down) displacement:

0.93 (min 0.69 and max 1.17)

Flexion angle (prone): 14-58 ◦

Cephalad (up) displacement:

-0.57 (min -0.93 and max -0.22)

Average displacement of the

pons in head flexion perpendicular

to the clivus surface [mm]

Flexion angle (supine): 43-68 ◦

Caudal (down) displacement:

0.54 (min 0.17 and max 0.91)

Flexion angle (prone): 14-58 ◦

Caudal (up) displacement:

0.33 (min -0.19 and max 0.85)
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Miura (2009) [41] analyzed the cervical spinal cord of twelve men and eight
women (24 to 30 years old) without spinal abnormalities in neutral andmaximum
flexion and extension positions. Midsagittal images at different angles were
analyzed. At each disc level, the coordinates of the posterior-inferior corner point
of the upper vertebral body (A) and the posterior-superior corner point of the
lower vertebral body (B) and the midpoint of the spinal cord (M) in the middle
of the line (AB) were selected. The distance between the line AB and the midpoint
B was calculated to determine the motion of the spinal cord relative to each disc
level during the flexion and extension motion. The distance values of the spinal
cord motion at each disc level is described in Table 6.

Figure E.5: Distance between the posterior vertebral column (AB) and the mid-point
on the spinal cord (M).

Table E.5: Evaluation of spinal cord displacement in flexion and extension at different
disc levels.

Dynamic evaluation of the spinal cord in

patients with cervical spondylotic

myelopathy using kinematic magnetic

resonance imaging technique

Miura M. et al.

(2009)

Average displacement of the spinal cord

each disc level in flexion [mm]

-0.07 [C2/C3], 0.88 [C3/C4],

1.0[C4/C5], 1,26 [C5/C6],

0.02 [C6/C7], -0.01[C7/T1]

Average displacement of the spinal cord

at each disc level in extension [mm]

-0.68 [C2/C3],-0.12[C3/C4],

0.49 [C4/C5], 0.34 [C5/C6],

0.0 [C6/C7],0.46 [C7/T1]
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