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Summary 

At the University of Technology in Eindhoven a research project is set up with the title: 
"Determination of the dynamical behaviour of brain tissue during impact loading". To be able to 
determine the local response during an impact load a numerical head model has been developed in 
MADYMO. Testing of the numerical model occurs with a physical head model. In this physical head 
model the head is represented as a cup filled with a silicongel that represents the brain (Michielsen, 
1996, Roersma, 1998). The dynamical response of the cup filled with silicongel can be made visible 
with the aid of markers and a high speed camera. However this physical head model can not create 
loading conditions that are associated with the occurrence of brain injury. The limiting factor is the 
stepping meter t h t  prwidss the rnt&m nf the c q .  

In this study the physical head model has been improved. Literature data on loading conditions that are 
associated with the occurrence of injury have been examined and scaled to the sizes of the physical 
head model with the use of Holbourns' scaling law. A larger cup has been chosen and a spring has 
been used as loading device. 

Experiments have been executed. During the experiment the behaviour of the gel was three 
dimensional. An experiment has been simulated with a finite element model in MADYMO. In the 
simulation also three dimensional effects occurred, but the material responded compressible in spite of 
a prescribed high bulk modulus. In the centre of the model even a height reduction of more than 50% 
occurred. The loading conditions of experiment and simulation were 7 times smaller than those related 
to injury, because the material model had a limited frequency range. 

From the compariso~l between experiment a ~ d  simulation, it can be concluded that the trends of the 
motion of the markers were much alike in both cases, although there are a few differences. At first, in 
both experiment and simulation there was a rotation of the markers relative to the cup rotation and this 
rotation increased when the markers were located more to the outside of the gel. However in the 
experiment this relative rotation for marker 2 and 3 was larger than in the simulation (about 40%). 
During the simulation more damping occurred. At the end of the simulation the relative rotations of 
the markers were the same and only 0.1 rad. However at the end of the experiment the relative 
rotations of the markers were still between 0.2 and 0.6 rad. In both simulation and experiment there 
was a radial displacement of the markers during the pulse, but in the simulation this displacement was 
twice as large. 

The finite element model has also been used to test Holbourn's scaling law. It can be concluded that 
Holbourn's scaling law seems to hold for elastic material behaviour. For visco-elastic, adaptation of 
time constants is necessary to get equal material responses in cups with different radii. 
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List of symbols 

factor 
scale factor 
density 
rotation 
time constant 
angular velocity 
angular acceleration 
moment of inertia 
spring constant 
mass 
height 
force 
complex modulus 
elastic or storage modulus 
loss or viscous modulus 
radius 
elongation 
time 
volume 



1 Introduction 

The head of the human body is considered the most critical body part injured in crash situations 
because of the often irreversible nature of injuries (Wismans et al., 1994). Unfortunately up to now it 
is unknown how an external mechanical load on the head during an accident leads to head injury. 

At the University of Technology in Eindhoven a research project is set up with the title: 
"Determination of the dynamical behaviour of brain tissue during impact loading". It is assumed that 
an external mechanical load on the head will lead to a local response of the brain tissue in the head. 
This local response will cause the injury. This means that it is necessary to find a relation between the 
extemz! lead er, the head a d  the !ma! respmse ef the brain tissue. It is i qncs ihk  to deternine this 
local response in vivo &ring an impact load with a typical duration of 10 ms. This is the reason why 
numerical head models have been developed. In this case it is a finite element model implemented in 
MADYMO. Testing of the numerical model occurs with a physical model. In the physical model the 
head is represented as a cup filled with a silicongel that represents the brain. 

This experimental set-up has been developed (Michielsen, 1996, Roersma, 1998). The dynamical 
response of the cup filled with silicongel can be made visible with the aid of markers and a high speed 
camera. However this current physical head model can not create loading conditions that are 
associated with the occurrence of injury. The limiting factor is the stepping motor that provides the 
rotation of the cup. To improve the loading conditions of the physical model a new loading device is 
developed in this study. 

In this research first literature data on the loading conditions that are associated with the occurrence of 
injury are examined (chzpter 2). From this a new loading device is developed (chapter 3) and 
experiments are executed (chapter 4). These experiments are simulated in a MADYMO finite element 
model (chapter 5 and 7). Finally the results of simulation and experiment are compared (chapter 7). 



2 Study of literature 

2.1 Relevant loading conditions 

To be able to improve the loading conditions of the current physical head model it is 
necessary to get insight in the mechanical loading level that is associated with brain injury. 

In figure 2.1 the loadinjury model (Wismans et al., 1994) is presented. Due to a mechanical 
load a body region will experience mechanical and physiological changes: the so-called 
biomechanical response. Injury will take place if the biomechanical response is of such a 
nature that the bio!ogica! system deforms beyond a recoverabie iimit, resulting in damage to 
anatomical structures and alteration in normal function. 

External mechanical load 
I 

, I Local biomechanical response I I 

Injury mechanism 'I 
Injury tolerance 
level (threshold) 

Figure 2.1 : The loadhjury model (Wismans et al., 1994) (see text). 
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It is often hypothesised that brain damage is caused by shear strain above a certain level in the 
brain. This shear strain is caused by angular accelerations imposed on the brain (Ommaya et 
al, 1967). In case of an angular acceleration, that is, a change in angular velocity, there is a 
relative rotation of part of the brain tissue with regard to other parts. Parts of the brain at 
various locations in the brain are displaced by different amounts and consequently shear 
strains are caused. 

In studies there are two different approaches of determining an injury tolerance level: a 
threshold for the occurrence of brain damage. The first approach is exposing brains of 
animals to a mechanical load and look for damage afterwards (approach 1 in figure 2.1). A 
threshold formulated in terms of the external mechanical load can be determined in that way. 
Another approach is to study the local biomechanical response in the brain (approach 2 in 
figure 2.1) and try to determine a threshold formulated in terms of the local mechanical load. 
Physical models and numerical models are often used for this approach. 

In approach 1 an angular acceleration is imposed on the heads of animal subjects. After that 
the brain is examined for the occurrence of 'diffuse axonal injury' (DAI), which is one of the 
most occurring types of severe brain damage. By executing more experiments it is tried to 
determine a critical level for the occurrence of DAI ((Margulies et al., 1990, Thibault et al., 
1990, Meaney et al, 1995, Miller et al., 1998). Margulies (1990) found a critical level for the 
angular acceleration of 1.6.10~ rad/s2. This value holds for human brains with a mass of 1067 
g. Thibault (1990) found a value for the angular acceleration of 1.5.10~ rad/s2 at a change of 
angular velocity of 150 radls. The values are determined for brains of 1200 g. All values are 
determined by scaling the critical values of experiments with animals to human brains with a 
different mass using Holbourn's scaling law (see paragraph 2.2). 



In approach 2, physical models are often used. Skulls of animals are filled with a gel, whose 
mechanical properties resemble those of brain tissue (Margulies et al., 1990, Thibault et al., 
1990). 
As a simplification cups filled with gel are also often used (Meaney et al., 1995, Ivarsson, 
1999). The relationship between inertial loading and brain deformation is studied with such 
physical models. If these physical models are subjected to a similar loading as in the 
experiments with animals, a strain between 5 and 15 % occurs (Margulies et al., 1990, 
Thibault et al., 1990). 
The influence of geometry and specific components of the brain can also be studied with 
those models (Ivarsson, 1999). 

Finite eiement models are deveioped and improved to simuiate the behaviour of brain tissue 
and to be able to explain why damage occurs at certain locations in the brain (Bandak, 1995, 
Miller et al., 1998). 

2.2 Holbourn's scaling law 

Subhuman primates and other small animals are often used in research to brain damage. To be 
able to relate experimental values from animal experiments to those in human brain, scaling 
laws have been developed (Holboum, 1956, Ommaya et al., 1967). 

The basis of those scaling laws is a 3-dimensional geometric similarity between the brain of 
subhuman primates used in the animal experiments and the human brain. All factors other 
than the purely physical are ignored. Then it is possible to scale between the species on the 
basis of size variation alone. 

Several assumptions of Holboum's scaling law are: 
1. The brain acts as an elastic medium and is incompressible. 
2. Brain tissue is homogenous and isotropic. 
3. Density of brain tissue in model (animal) and prototype (human) is equal. 
4. Model and prototype brains are geometrically similar, through one scale factor A, that is, 

v,=h3v,. 
5. Injury is the result of shear strains exceeding a certain value. 
6. The skull is very stiff, such that deformations of the skull do not contribute heavily to the 

strains in the enclosed brain. 
7. Stiffness factors of the contained brains in model and prototype are equal. 

The ratio between angular acceleration in model and prototype that causes the same shear 
strain has to be found. The result is Holboum's scaling law (Holbourn, 1956, Ommaya et al., 
1967). In the articles it is presented without any derivation. 

m, mass of model [kg] 
m, mass of prototype [kg] 
h scale factor [-I 
o angular velocity [radls] 
6 angular acceleration [rad/s2] 

With the use of this scaling law, the values for angular velocities and accelerations at which 
injury occurs can be scaled to values for the physical head model. 



3 Improved physical head model 

3.1 Current physical head model 

The current physical head model (Roersma, 1998) consists of a perspex cup filled with a 
silicongel. The inner radius of the cup is 0.015 m, the height is 0.013 m and the thickness of 
the wall is 0.003 m. The cup is fixed on a shaft, which is fixed to a stepping motor (see figure 
3.1). 

Figure 3.1: The current physical head model (Roersma, 1998). 

I I 

I I 

3.2 Loading conditions of the physical head model 

From literature values of angular velocities and accelerations that are related to the occurrence 
of brain injury are known now (see chapter 2). The values that are used for the design of the 
new physical head model are those of Thibault (1990). His critical values are 1.5. lo4 rad/s2 
for the angular velocity and 150 radls for change of angular velocity for brains of 1200 g. By 
using the scaling law (equations 2.1 and 2.2) these values can be scaled to similar values for 
the physical head model. The scale factor ?L is based on the radius, where the brain radius is 
calculated as 3d(mb/pb) with pb=l 000 kg/m3. 
This results in an angular velocity of 6.6.10~ rad/s and an angular acceleration of 2.9.10~ 
rad/s2 for the current head model with a radius of 0.015 m. 
It is not possible to create these loading conditions with the current stepping motor. To get the 
desired loading conditions it is necessary to use a new loading device. 

- I 

3.3 Choice of cup 

Stepping motor 

An estimation of the duration can be made by taking the ratio of angular velocity and 
acceleration. An assumption is that the angular acceleration is a constant, that is, it does not 
change. This results in a duration of 2.3 ms. The resolution of the high speed camera that will 
be used is 4500 frames per second, so this leads to 10 fiames during the complete duration. 
It is assumed that for accurate processing the measurements about 20 to 25 frames are needed. 
This means that the duration has to be lengthened. This can be achieved by scaling to cups 
with larger radii and again calculate the duration. Results are given in table 3.1. 



A new cup with radius 0.035 m is chosen. The corresponding angular velocity and 
acceleration are 2.8.10~ radls and 5.3.10~ rad/s2. The duration is 5.6 ms which leads to 25 
frames. 

The size of the cup and the desired angular velocity and acceleration are known now, so it is 
possible to design an improved physical head model with a new loading device. 

3.4 Improved physical head model 

A spring is chosen as loading device for the cup. The physical head model with the spring is 
presented in figures 3.2 and 3.3. 

The cup is a cylinder with inner radius 0.035 m, height 0.032 m and a thickness of the wall of 
0.006 m. The cup is made of a white plastic, named polyester. The cup is filled with a 
dielectric silicongel (Dow Corning, Sylgard 527, A&B). 

Fixation pin 

C 

Shaft l--ld-- Supporting table 

Figure 3.2: Front view of the improvedphysical head model. 
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Ratchet wheel 

Fixation pin 

Shaft 

Wheel 

Figure 3.3: Top view of the locking and stretching mechanism of the improvedphysical head 
model. 

The cup is fixed on a shaft with a radius of 0.014 m. This shaft has bearings that allow the cup 
only to rotate about the vertical shaft. No other movements are possible. A wheel is fixed 
around the shaft. A cable is fixed to the wheel on one side and the other side is fixed to the 
tension spring. The cable runs around the wheel. 

Before the spring will be stretched, the shaft can be fixed with a pin. Then the spring can be 
stretched till the desired position. This occurs with a ratchet and pawl mechanism. The end of 
the spring is fixed on the ratchet wheel. By rotating the ratchet wheei the spring is elongated. 
If the desired elongation has been achieved, the locking pawl keeps the ratchet wheel in the 
same position. 

By unlocking the shaft, the moment of the spring on the shaft provides a rotation of the shaft 
with the cup. The relevant rotation of the cup equals %n. It is hypothesised that the rotation of 
the head of a passenger during a frontal collision is in the range of %n. 

The new physical head model is designed know. The only unknown element is the type of 
tension spring that has to be used to get the desired loading. In the following paragraph the 
properties of the spring will be calculated. 

3.5 Calculation spring 

According to equilibrium of moments the moment delivered by the spring equals the moment 
of inertia of the total physical head model, that is: 

J .b  = k.u.rw (3.1) 
b angular acceleration 
J moment of inertia of filled cup with shaft and wheel (calculation is given in 

appendix A) 
k spring constant 
rw radius of the wheel 
u elongation of the spring 

If a value is taken for the radius of the wheel, it is possible to calculate the force of the spring 
F,: 

Jb F = k . u = -  
rw 

(3 4 

As the radius increases, the force of the spring may be smaller. The force of the spring is not 
allowed to become very large, because then it is difficult to find a suitable spring. Standard 



tension springs have a maximum force they can supply. Another problem is that the bearings 
of the shaft have to be able to resist the force supplied by the spring. 

Radii of the wheel of 0.01, 0.015 and 0.02 m result in a force of the spring of 716, 488 and 
392 N respectively. A force of 392 N can be supplied by a standard tension spring. 

If the radius of the wheel is 0.02 m and the rotation 9 of the wheel equals %n during the 
experiment, the change of elongation of the spring equals: 

4 u = 9 . r W  =3.14.10-~ m (3.3) 
Because of the decrease of elongation of the spring, the force of the spring will diminish. If a 
decrease in force of 20% is assiimed to be accepiabk, ihen it holds that: 

The elongation of the spring can be calculated now: 
u=5.4u=1.57.10- 'm 

The desired elongation and force of the spring are known know. From this the spring constant 
can be calculated. 

A suitable spring can be chosen in a table book of spring suppliers. The spring that will be 
used is a spring with a spring constant of 2.36.10~ Nlm, initial length 0.203 m and maximum 
elongation 0.18 m (E1750-177-8000M, SPEC). 



4 Experiment 

4.1 Experimental set-up 

To be able to follow the motion of the cup and its gel with a high speed camera, markers have been 
stuck on the upper side of the cup and the gel. The markers are made of black plastic and have a 
diameter of 4 mrn. The markers are black because the contrast of the markers and their surroundings 
(white) is then as high as possible. This enables the image processing system to detect the markers. 
Figure 4.1 shows the top view of the cup and gel with markers. 

Figure 4.1: Top view of cup with markers. 

The frtime of the physical head model is fixed to a table to minimise motion during an experiment. 

A high speed digital video camera (Kodak Ektzpro ES Motion Analyser) is used to record the marker 
displacements. It produces 8 bit images (256 grey values) of 256x256 pixels (Spee, 1997). The 
recording frequency that is used in the experiments is 4500 images per second. Only one camera is 
used, so the measurements are two dimensional. Because of this high recording frequency, special 
lighting equipment is necessary. To avoid drying of the silicongel, special so called 'cold lamps' are 
used. To get diffuse light and avoid reflections a cylinder of white paper is placed around the cup. 
More details can be found in Roersma, 1998. 

4.2 Testing of physical head model 

Before an experiment will be done that will be simulated with MADYMO, first a few tests are 
executed. 
An experiment has been executed with an elongation of the spring of 11 ticks of the ratchet wheel, 
corresponding with approximately 0.1 m. The loading conditions should then be about half the desired 
loading conditions (that are associated with injury). 
To get insight in the 3D deformation behaviour of the gel, its motion has been recorded from both the 
top and the side. 
A few images during the pulse are presented in figures 4.2 and 4.3. 

In both figure 4.2 and 4.3 it can be observed that the motion of the gel is three dimensional. 

Also experiments have been executed with elongations of the spring of 7 ticks (0.064 m) and 4 ticks 
(0.036 m). The motion of the gel during these experiments was also three dimensional, but the shape 
of the upper layer of the gel was more smooth and less steep. 

For the experiment that will be simulated in MADYMO an elongation of the spring of 4 ticks 
(0.036 m) is chosen. The first reason for that is that the occurring frequencies are in the range of the 
current prescribed material model (see chapter 5 and 6). The second reason is that the shape of the 
upper layer of the gel is rather smooth, so it can be simulated with the original mesh of 6 elements 
from the middle of the cup to the outside (see chapter 5 for the mesh). 



Figure 4.2: A few top view images during the pulse (elongation of the spring is 11 ticks (0.1 m)). 

Figure 4.3: A few side view images during the pulse (elongation of the spring is 11 ticks (0.1 m)). 

4.3 Results of the experiment with spring elongation of 4 ticks (0.036 m) 

The images that are recorded by the high speed camera are post processed with MATLAB. The centre 
of the markers is determined and their displacements and velocities are calculated. For details about 
the post processing see Roersma, 1998 and Burgt v.d., 2000. 

Figure 4.4 gives the cup rotation and angular velocity as a function of time of the experiment with a 
spring elongation of 4 ticks (0.036 m). They are determined with the use of the markers that are fixed 
on the side of the cup, the so-called 'world markers'. This cup rotation as a function of time will be the 
input for the MADYMO model. 
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Figure 4.4: Cup rotation and angular velocity as a function of time (spring 
m)). 
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During the fist 25 ms the cup rotates over an angle of about 0.2 rad. In the next 25 ms, it rotates over 
an additional 2 rad, with a final velocity of 90 radk The maximum acceleration is about 7.10~ rad/s2. 
This is 7 times lower than the acceleration that is associated with the occurrence of brain damage (see 
table 3.1). 
The sudden change in angular velocity at about 53 ms occurs because the cup reaches its end of 
motion range by hitting the support frame and stops rotating. The relevant rotation was assumed ?h n. 
This corresponds with a duration of the pulse of about 45 ms (see figure 4.4). 

In figure 4.5 the trajectories of the markers are presented and in figure 4.6 the marker rotations relative 
to cup rotation are given as a function of time. In figure 4.7 the radial displacements of the markers as 
a function of time are given. 

Figure 4.5: Trajectories of the markers (spring elongation 4 ticks (0.036 m)). 
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Figure 4.6: Marker rotations and cup rotation (*Oil) as a function of time (spring elongation 4 ticks 
(0.036 m)). 

Figure 4.7: Radial displacements of markers 1,2,3 as a jknction of time (spring elongation 4 ticks 
(0.036 m)). 

As can be seen in figure 4.5 the rotation of the cup is axisymmetric, as expected. It can be observed 
that during rotation a radial movement of the markers occurs, the radial positions of the markers 
increase. 

In figure 4.6 it can be seen that the relative rotation of the markers depends on the radial position of 
the markers. The marker rotation increases for markers closer near the centre. The relative rotation 
increases until about 40 ms. Then the relative rotation of the markers at the largest radial position 
decreases. The relative rotation of the marker near the centre starts decreases after 45 ms. At 53 ms the 
cup reaches its end of motion. At that moment the markers are not yet in their initial position. 



However in the last image of figure 4.2 it can be observed that total relaxation occurs and the markers 
are in their initial position again. The image is taken about 0.25 s after the pulse. 

In figure 4.7 it can be observed that a radial displacement of the markers occurs after about 35 ms. 
Until 53 ms (when the cup hits the support frame) the radial displacement is largest for marker 1 
which has the largest radial position. After 53 ms the radial displacement of marker 3, which has a 
small radius to the centre, becomes larger than the radial displacements of markers 1 and 2. Around 30 
ms, it can be observed that the radial position of marker 3 decreases. This can be explained by the fact 
that the determination of the centre by MATLAB deviates 0.4 rnm. 



5 Basic numerical model 

In the previous chapter the results of experiments with the improved physical head model 
have been described. These experiments have been done to be able to check the results of a 
finite element model in MADYMO (5.4 test version, TNO, 1999). As basic numerical model, 
the model of the physical head model with radius 0.015 m is used (Roersma, 1998, Burgt v.d., 
2000). In this chapter the input of this model is briefly described. For more details see 
Roersma, 1998 and Burgt v.d., 2000. 
In chapter 6 this model will be used to test Holbourn's scaling law. In chapter 7 the basic 
numerical model will be adapted to the improved physical head model. The experiment with 
the physica! heah&!  wi!! be sim!&,ted md c e q x r e d  with the resdts  ~f the experime?lt. 

5.1 Dimensions and mesh 

The physical headmodel consists of a cup filled with a silicongel. The cup is a cylinder with 
an inner radius of 0.015 m, height of 0.013 m. If the cup is assumed to be rigid and there is 
perfect adhesion between cup and silicongel, it is sufficient to model only the silicongel as a 
cylinder with the dimensions as given before. This cylinder consists of 1104 elements. The 
mesh can be seen in figure 5.1. There are six element layers in the height of the gel. 

Figure 5.1: Top view of the mesh of the finite element model. 

5.2 Boundary conditions 

During the rotation of the cup filled with the silicongel it is assumed that there is no slip 
between cup and gel, that is, the rotation of the cup and the outside of the gel is the same. For 
this reason, the rotation as a function of time can be applied to the nodes located at the 
cylinder side boundary and bottom of the finite element model. This is done by creating a co- 
ordinate system in the centre of the cup. The x-axis and y-axis are both in the top plane of the 
cup with the gel. The z-axis is perpendicular to this top plane and points upwards. This co- 
ordinate system can be seen in figure 5.1. The nodes at the bottom and the sides of the model 
are fixed to this co-ordinate system. A rotation as a function of the time is prescribed for this 
co-ordinate system and so for the nodes that are fixed to this co-ordinate system. 



5.3 Element type 

The elements that are used are SOLID 1 elements; eight node brick elements that can carry 
tensile, compression and shear loads. The element uses reduced integration with only one 
integration point at the centroid of the element. This reduced integration will reduce the CPU 
times, but results in twelve zero-energy or hourglass modes. 
In order to suppress hourglass modes an hourglass control algorithm is used with a 
dimensionless stiffness hourglass stabilisation parameter. The value can be changed between 
0.0 and 0.5. During simulation the hourglass stabilisation parameter is set to default value 0.1. 

The silicongel in the physical head model that represents the brain is a linear visco-elastic 
material. To describe the material model a generalised Maxwell model is used. It consists of a 
parallel arrangement of N Maxwell elements and one spring. See figure 5.2. 

The complex modulus equals: 

a angular velocity [rad/s] 
7: time constant [s] 
G stiffness of spring [Pa] 
G' elastic or storage modulus [Pa] 
G" loss or viscous modulus [Pa] 

A sample of the gel has been tested in a rheometer. Storage modulus and phase angle of the 
gel were measured and then parameters Gm, Gi and 7:i were fitted to these variables using 
MATLAB (Burgt v.d., 2000). Four modes are used because it is the maximum number of 
modes that can be implemented in MADYMO with material type LINVIS. 

Table 5.1: Four-mode Maxwell parameters. 
i Gi ~i 

Because the material model needs to be (nearly) incompressible a high bulk modulus of 2.1 0' 
Pa is assumed. 
The density of the gel is 1000 kg/m3. 



6 Testing of Holbourn's scaling law 

In this chapter Holboum's scaling law (described in section 2.2) will be tested. This will be 
done by using the numerical model as described in the previous chapter. By scaling the radius 
(and height) of the cup it is easy to simulate cups with different dimensions and compare their 
results. First simulations will be executed with elastic material behaviour. Ths  is one of the 
conditions of Holbourn's scaling law. Next the application of the scaling law for visco-elastic 
material behaviour is tested. Brain tissue and the silicongel used in the physical headrnodel 
are visco-elastic materials. 

6.1 Lmd f n n t  f w  the iiumeriea! mode! 

Starting point of the simulations is the numerical model of the physical headmodel with 
radius 0.015 m as used by Roersma, 1998 and Burgt v.d., 2000. This model has been 
described in chapter 5. The rotation of the cup is prescribed as a function of time as: 

z z 
B(t)=---cosd ; t = 0, nla 

4 4 
(6.1) 

a factor [s-'1 
8 rotation [rad] 
t time [s] 

This function has been chosen because it was expected to roughly resemble the rotation of the 
cup in the experiment with the physical head model. The actual experiment had not been 
performed at the time these simulations were done. 
In paragraph 3.2 it has been calculated that the maximum angular acceleration of this cup is 
estimated to be 2.9.10~ rad/s2. From this the factor a can be calculated and becomes 6.08.10~ 
s-'. The duration of the pulse equals d a  = 5.17 ms. After that the rotation remains % n. 

Then the pulse will look as below: 

time [s] 1 o0 
Figure 6.1: Rotation of the cup (r=0.015 m) as a 

function of time. 

To make testing of the scaling law possible, the cup with radius 0.015 m is scaled to obtain 
cups with radius 0.035 and 0.070 m. The maximum angular acceleration is also scaled with 
the same scale factor X by adapting the rotation as function of the time. 
The data of the different cups are surnrnarised in the table below. 



During simulations with the pulse data as given in table 6.1 there were problems with visco- 
elastic materid behaviour. No damping occurred when the rotation stopped. T ie  reason for 
this is the way of prescribing the material behaviour. The material behavim of the silicongel 
is tested in a certain frequency-range (Burgt v.d., 2000). For this range the material behaviour 
is prescribed in the finite element model. For higher frequencies, the loss or viscous modulus 
G" decreases very fast and becomes much lower than it is in reality. So the damping of the 
gel is much to low and the material behaves nearly perfect elastic. 
To be able to test the scaling law now a pulse will be used that is ten times slower than 
calculated before (a,i,l,i,n in table 6.1). The material behaviour is well defined in this 
frequency-range. 

Table 6.1: Scale factor A, maximum angular acceleration u ,,, and factor a (equation 6. I) 
for the dflerent cups that will be simulated. Both the theoretical and actual 
simulation value o f  a are given (see text). 

Because brain damage occurs as a result of shear strain above a certain value, the shear strain 
in the different simulations has to be compared. The numerical model is based on Cartesian 
co-ordinates and so the shear strain E,,, depends on the x,y-position in the mesh. Becmse of 
this dependency the shear strain of the different elements in the model can not easily be 
compared. To avoid this problem, the 2"* invariant of the Green-Lagrange strain tensor of the 
elements will be looked at. This invariant is independent of the co-ordinate system and 
contains information of shear. 

6.2 Results for elastic material behaviour 

asimu~ation 
(1 o2 s-' ) 

0.608 
0.260 
0.129 

rjl))1 1 o4 rad/s2 

6.2.1 Results of mesh refinement 
Before simulating the different cups and comparing their results, it will first be examined 
whether the current mesh has enough elements to give a correct answer. To check this a mesh 
refinement is carried out for the smallest cup (r=O.O15m). The current mesh is presented in 
figure 5.1. 
To get a finer mesh all sides of the elements are split into two. The result is a mesh with eight 
times as much elements. Then the number of elements becomes 8832. 
To get elastic material behaviour, only G, is implemented in MADYMO. This parameter is 
kept the same as with the visco-elastic material behaviour. 

Fi 0.070 

For both meshes simulations are done. The results are presented in the figure 6.2. 
In figure 6.2 the 2nd invariant of the Green-Lagrange strain tensor of element 53 (the outer 
element (r= 0.01387 m), see figure 5.1) for the original mesh is plotted as a function of time. 
In the fine mesh this element corresponds with eight elements. The mean of the 2nd invariant 
of the Green-Lagrange strain tensor of these elements is computed and is plotted as function 
of time in figure 6.2. 
The general trend, that is the number of oscillations, is the same in both cases. The lines are 
not exactly the same. It can be seen that the difference increases with the time. 

It is hypothesised that the first peak in the figure is most important for the occurrence of 
damage. The difference between the two lines at the first peak is about 4%. Typically, a 
simulation with the original mesh takes 35 minutes on a Silicon Graphics R1O.OOO 64 bit 
CPU. With the refined mesh, computation times increase by a factor 35 to more than 20 
hours. For this reason it is decided to simulate with the original mesh. 

1 
2.33 
4.66 
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Figure 6.2: 2nd invariant of element 53 as a 
function of time for both the original 
mesh and thefine mesh with elastic 
material behaviour. 

6.2.2 Results of scaling 
Simulations have been exeiuted for the three different cups. The results are presented in the 
figure below. 

I 
0 10 20 30 40 50 60 

time [̂ lo-3) 

Figure 6.3: 2nd invariant of element 53 as a function of scaled 
time for cups with different radius (r=O. 01 5 m, 
r=O.035 m, r=O.070 m) with elastic material- 
behaviour. 

The duration of the pulse is different for the several cups, so the duration of the two largest 
cups is scaled to that of the smallest cups. This has been done by dividing the time through 
the scale factor A. In the figure above the second invariant of element 53 of the different cups 
has been plotted as a function of the scaled time. 
The figures are very much alike. Only the amplitudes of the tops are not exactly the same. 
The difference between the lines at the first peak is about 5%. 



6.3 Results for visco-elastic material behaviour 

6.3.1 Results of mesh refinement 
Before simulating the different cups a mesh refinement is applied to the smallest cup to check 
whether the mesh is fine enough or not. The result is given in figure 6.4. 

I I 
0 10 20 30 40 50 60 

time [ms] 

Figure 6.4: 2nd invariant of element 53 as function of time 
for both the original mesh and thefine mesh 
with visco-elastic material behaviour. 

Again it can be seen that the forms of both figures resemble each other very much. The 
amplitudes however are different. The amplitude of the 2nd invariant of element 53 of the 
refined mesh is larger than that of the original mesh. The difference at the first peak is 10%. 

Although there are differences in amplitude it is decided to remain simulating with the 
original mesh. The reason for this is a computation time that differs a factor 35 (35 minutes 
versus more than 20 hours). 

6.3.2 Results of scaling 
Simulations have been executed with visco-elastic material behaviour for the different cups. 
The results are given in figure 6.5. 

lo0 

Figure 6.5: 
time ['lo-3) 

2nd invariant of element 53 as function of 
scaled time for cups with dEfferent radius 
(r=O.015 m, r=O.035 m, r=O.070 m) with 
visco-elastic material behaviour. 



It can be observed that the trend of the figures is the same for all simulations, that is, the tops 
occur at the same time. The amplitudes of the tops differ a lot. 

According to Holboum's scaling law the duration of the pulse has to be scaled with the same 
factor as the radius of the cup is scaled. This holds for elastic material behaviour. Visco- 
elastic material depends on time. It seems likely that also the time constants in the material 
model have to be scaled to get the same results for the different cups. 
To verify this simulations have been executed. Both the duration of the pulse and the 
timeconstants in the material behaviour are multiplied with the scale factor h. The results are 
given in figure 6.6 

." 
0 10 20 30 40 50 60 

time ['lo-31 

Figure 6.6: 2nd invariant of element 53 as function 
of scaled time for the different cups with 
scaled time constants. 

In the figure it can be seen that now both the form and the amplitude of the figures resemble 
each other. 

6.4 Conclusion 

Mesh refinement results in differences in the 2nd invariant for both elastic and visco-elastic 
material behaviour. These differences are about 4% for elastic material 2nd 10% for visco- 
elastic material. To be sure whether the refined mesh is fine enough, it is necessary to refine 
this mesh once again. Due to the first mesh refinement the computation time increased with a 
factor 35. Computation with an even finer mesh would require computation times on the order 
of weeks. This is not feasible in the scope of this project. 
To save computation time it has been decided to use the original mesh to execute simulations. 

From the computations, it is concluded that Holboum's scaling law seems to hold for elastic 
material behaviour, since differences in 2nd invariant peak values are within 5%. 

For visco-elastic material behaviour Holbourn's scaling law does not generally hold. The 
material behaviour of visco-elastic material depends on frequency. If the length scale of 
physical models is scaled, according to Holbourn's scaling law, the duration of the pulse has 
to be scaled with the same scale factor to get the same shear strains. That means that the 
frequency is scaled with the inverse of this scale factor. If the difference between time 
constants in the new frequency-range and the previous fi-equency-range equals the scale 
factor, Holbourn's scaling law holds. In practice this will not be the case. So the occurring 
shear strains in the physical headmodel will not be the same as the shear strains in the human 
brain. 



7 Comparison between experiment and simulation 

The basic numerical model as described in chapter 5 is scaled to the dimensions of the gel in the 
physical head model. The rotation of the gel as a function of time is prescribed and is the same as in 
the experiment until 50 ms (see figure 4.4). The displacements of certain nodes are given as output of 
the simulation. These nodes are located at about the same radius as the markers in the experiment. 
Because of the axi-symmetry of the rotation, only 3 markers and their corresponding nodes will be 
compared. The radii of the markers and corresponding nodes are given in the next table. 

Table 7.1: Radii of markers and corresponding nodes in the numerical model. 

I 
radius of marker in experiment radius of correspending mde ir? 

[m] numerical mode! ii 

The results of the simulation are presented in figure 7.la, 7.2a and 7.3a. To be able to compare them 
with the experiment, the results of the experiment are given in figure 7.lb, 7.2b, 7.3b. 

trapctoner, matXer number at stadng point 

20 

Figure 7.1 a: Trajectories of markers during 
simulation of experiment. 
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Figure 7 . 2 ~ :  Marker rotation as a function 

of time during simulation of 
experiment. 

Figure 7.1 b: Trajectories of markers during the 
experiment. 
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Figure 7.2b: Marker rotation as a function of time 
during experiment. 



Figure 7 . 3 ~ :  Radial displacement of the 
markers as a function of 
time during simulation. 

Figure 7.3b: Radial displacement of the 
markers as a@nction of time 
during experiment. 

In figure 7.la it can be observed that near the starting point a sudden change in the displacement of the 
nodes that correspond with the markers occurs. It is unknown what the reason is for this phenomenon. 
During the pulse the nodes that correspond with the markers move to the outside of the gel. Their 
radial positions increase. This effect is less strong during the experiment (figure 7.lb). 

The dashed line i11 fig~res 7.2a and b gives the cup rotation (*0.1) as a function of time. The other 
lines are the rotations of the markers as a function of time. It can be observed that until about 35 ms 
the trends of the lines resemble each other. The rotation is larger for nodes with a smaller radial 
position. This dependency of the radial position can also be seen during the experiment (figure 7.2b). 
The values of the rotations of marker 2 and 3 however are different in simulation and experiment. The 
rotations in the experiment are larger than in the simulation. After 35 ms the marker rotations in the 
simulation decrease faster than in the experiment and the different lines come together. This does not 
occur in the experiment. 

In figure 7.3a the radial displacement is given for the nodes that correspond with the markers. From 25 
ms the radial positions of the nodes increase. This radial displacement is larger for nodes that are 
located more towards the outside of the gel. This effect can also be seen during the experiment (figure 
7.3b). However during the experiment the radial displacements are smaller and the differences of 
radial displacements between the several markers are smaller. 

In figure 7.4a a three dimensional image of the deformed mesh at the end of the simulation is 
presented. In figure 7.4b a cross section (along element borders) of the same image is given. 

Figure 7 . 4 ~ :  Three dimensional image of the 
deformed mesh at the end of the 
simulation. 

Figure 7.4b: Cross section of three dimensional 
image of the deformed mesh at the 

end of the simulation. 



Figure 7.5: Change of height of markers 1,2,3 as afunction of time. 

Figure 7.5 gives the change of height of markers 1,2 and 3 as a function of time. In both figures 7.4 
and 7.5 it can be seen that during simulation also three dimensional effects occur. The change of 
height of marker 3 is more than 14 mm. This is a reduction ~f 53%. The top nodes at the outside 
however are fixed and do not change in height. This means that the volume of the finite element model 
changes and that the material is not incompressible as prescribed (high bulk modulus, see section 5.4). 
A quantitative comparison between simulation and experiment is not possible because the 
displacements of the gel are not known from the side images of the experiment. 



8 Conclusions and recommendations 

A new physical head model with a tension spring as loading device has been developed. The loading 
conditions are based on loading conditions that are associated with brain injury. Holbourn's scaling 
law has been used to scale injury producing loading conditions from human brain to the physical head 
model. This scaling law has been tested numerically by simulating cups with different radii. For elastic 
material behaviour the scaling law seems to hold. For visco-elastic material, adaptation of time 
constants is necessary to get equal material responses in cups with different radii. 

Experiments have been executed with the new physical head model. It can be observed that the 
hehaviviour of the gel that represents the brain is three dimensional. 
The experiment with spring elongation of 4 ticks (0.036 m) has been simulated with a numerical finite 
element model in MADYMO. In the simulation also three dimensional effects occurred, but the 
material responded compressible in spite of a prescribed high bulk modulus. In the centre of the model 
even a height reduction of more than 50% occurred. 

From the comparison between experiment and simulation, it can be concluded that the trends of the 
motion of the markers are much alike in both cases. There is a rotation of the markers relative to the 
cup rotation. This rotation increases when the markers are located more to the outside of the gel. 
However in the experiment this relative rotation for marker 2 and 3 is larger than in the simulation 
(about 40%). Another important difference is that during the simulation more damping occurs. At the 
end of the simulation the relative rotations of the markers are the same and only 0.1 rad. However at 
the end of the experiment the relative rotations of the markers are still between 0.2 and 0.6 rad. 
In both simulation and experiment there is a radial displacement of the markers during the pulse, but in 
the simulation this displacement is twice as large. The differences in radial displacement between the 
markers are also larger than during the experiment. 

To be able to simulate the current experiment better and simulate experiments with larger spring 
elongations too, that is, loading conditions that are associated with brain injury, a few improvements 
of the numerical model have to be executed: 

to be able to describe the three dimensional effects at the upper side of the gel, a mesh refinement 
is necessary. To avoid the large computation times that mesh refinement causes, it should be 
recommendable to simulate only a part of the gel. This is possible because the motion of the gel is 
axi-symmetric. Special attention should be paid to the boundary conditions. 
the material behaviour under shear has to be determined for higher frequencies. 
the material behaviour under compression has to be examined. This can be done by simulating a 
compression test. A pressure has to be applied to the top of the gel, while movement of the sides 
of the gel is suppressed. In this case the compressibility of the finite element model and the effect 
of a variation of the bulk modulus can be examined. 

The occurrence of large three dimensional effects at the top of the gel in the physical head model is not 
representative for the behaviour of brain in the skull during impact. To avoid these three dimensional 
effects, a cup with a cover at the top could be used. A problem with such a cup are the less obvious 
boundary conditions at the top of the gel. 
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Appendix A: Calculation of moment of inertia J 

The moment of inertia of the rotating physical head model is calculated as the sum of moments of 
inertia of rotating gel, cup, shaft and wheel. 

For the moment of inertia of the gel holds: 
2 

J g e ~  = 1 2m,e1r~e1 = 1 2Pge~nhge~ri, 

= 112.1.10' . n . 3 - 1 0 - ~  .(3.5.10-~7 = 7.07.10-~ kgm2 

3y calculating the moment of inertia of the c ~ p ,  the cup Is divided in bottom and rim. 
2 - 4 

bottom = I 2mbottomrbottom - 2~bottomnhbottomrbottom 

= 112-1.2.10' .n.5.10-' . (4 .10-~7 =2.4-10-~ kgm2 
2 J .  = m .  r .  = p  2 

nm nrn nm *astic~(r:m - riel )lrimrrim 

=l.2.103 .n.((4.10-')2 -(3.5.10-2)2).3.10-2.(4.10-2)2 =6.79.10-~ kgm2 

J,,, = Jhotto, + Jrim = 9.19.1 o - ~  kgm2 

The moment of inertia of the shaft equals: 
2 4 

'shaft = '/ 2mshaftrshaft = 112~steelnhshaftrshaft 

= 112.7.9.10~ .n.2.10-' .(7.10-')2 = 5.96-10-~ kgm2 

The moment of inertia of the wheel around the shaft equals: 
2 2 

wheel = mvheelrwheel = ~ s t e e I ~ ( ~ w h e e 1  - 'shaft 2 b  wheelrvheel 

=7.9- lo3 .n.((2.10-')2 -(7-10-')2).4.10-' .(2.10-2)2 =1.39.10" kgm2 

The total moment of inertia of the rotating physical head model then becomes: 
J = Jgel +J,, +JSha, +Jwheel = 1.48.10-~ kgm2 
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