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Introduction 

Soft tissue neck injuries, classified as minor (AIS 1 )  that often do not exhibit a morphological 
manifestation, are on increase and of continued concem in traffic safety. In order to elucidate the 
kinematics as weil as being able to evaluate the risk of injury, the use of mathematical modelling is 
weil established. In the fields of impact biomechanics, mainly two different approaches of mathemati­
cal simulation techniques are used: multi body systems (MBS) and the finite element (FE) method. 

The aim ofthis study was to subject two different neck models, a MBS and a FE model, to a range 
of crash pulses representing low speed rear-end impacts, all leading to the same D.v (4 m/s). The 
kinematic responses were compared and the ability of the models to calculate different neck injury 
criteria was assessed. Furthermore, the influence of the simulation method used on the results of the 
injury criteria was demonstrated. 

Materials and Methods 

METHODOLOGY -Two mathematical neck models, a MBS and a FE model, were validated 
against volunteer data. After that a wide range of acceleration pulses representing rear-end collisions 
were applied on the first thoracic vertebra (Tl ). For each pulse the kinematic response of the models 
was calculated and the neck injury criteria chosen for comparison were determined. 

MULTI BODY SYSTEM -The Multi Body System neck model was developed with the software 
program MADYMO 2D [1 ] ,  with motion restricted to the sagittal plane. The neck model consisted of 
seven cervical segments and one thoracic segment, modelled by means of bodies connected to each 
other by revolute joints (Figure 1 ). The total stiffness of the neck was achieved by complementing the 
individual joint stiffness with two string muscle substitutes: one on the posterior side and one on the 
anterior side of the neck. The muscle substitutes were modelled using flexible tension elements con­
nected to elements containing both damping and elastic load characteristics [2]. 
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Figure 1 :  20 MBS model (left) and 30 FE model (right). 

FINITE ELEMENT MODEL -The FE model, a three-dimensional model of the cervical spine 
and the first thoracic vertebra (Figure 1 ), was computed with PAM-CRASH [3] software. Based on a 
model previously developed by Yang [4], all bony structures, the intervertebral discs, all major liga­
ments as weil as the most relevant neck muscles were included into the model. The muscles imple­
mented used a Hili-type formulation, thus taking into account the active and passive muscle charac­
teristics. A reflex time of 50 ms for all muscles was used according to EMG measurement [5]. Other 
parameters were adopted from Iiterature [6]. 

VALIDATION - Validation was performed using volunteer data obtained from the Japan Auto­
mobile Research Institute (JARI). The data was gained from the evaluation of volunteer sied test ex­
periments using a test set-up similar to that described in [7]. The subjects were seated on a seat with­
out head restraint; the impact speed was set to 8 km/h. The kinematics of the cervical vertebrae of the 
volunteers was recorded with appropriate instrumentation including cineradiography. 

INPUT DATA - For the comparison of the 
FE and the MBS model, five different horizontal 
acceleration pulses were applied in the same 
way to the first thoracic vertebra. The shape of 
the crash pulses (Figure 2) was chosen from a 
theoretical point of view. The peak acceleration 
varied between 60 to 80 m/s2 and all crash pulses 
corresponded to a t::.v of 4 m/s. These pulses 
represents a level of impact severity where soft 
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Figure 2: Acceleration pulses used as input on T1 . 

tissue neck injuries are more likely to be sustained than at the level at which the volunteer tests used 
here for validation have been performed. 

COMP ARlSON CRlTERlA - The response of the different neck modelling techniques was 
compared in different aspects: first the computational aspects in terms of needed CPU time and mem­
ory were evaluated, next the kinematic output was analysed of which here only the relative angular 
displacement of the vertebrae is presented. Finally, in order to assess the ability to predict the risk of 
injuries by the models three injury criteria were chosen to be evaluated in this study: the neck injury 
criterion (NIC) [8], Nij, [9] and the intervertebral neck injury criterion (IV-NIC) [ 10]. 

Results and Discussion 

The validation of the MBS and the FE model agreed reasonably weil with the experimental data. 
For the FE model the head x-acceleration was within the corridor of the volunteer data. The peak head 
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x-acceleration ofthe MBS model was 1 0% higher than the peak value from the corridor of the 8 vol­
unteers when applying the x-acceleration on T l .  When prescribing the motion of the T l  the peak head 
x acceleration was within the corridor of the volunteers. Hence the models formed a suitable basis for 
further investigation. Comparing the computational effort necessary for the specific techniques, as 
expected, a much higher CPU time was needed for the FE model (factor 30 for computing the same 
case on an IBM RS 6000 workstation). Also the memory required for the FE model is considerably 
higher. 
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In terms of kinematic response the relative 
angular displacement of the MBS (Figure 3) in­
dicated an initial flexion motion of the C2-C3 
and C3-C4 segments during the first stage of 
impact before changing into extension as found 
in volunteer studies [ 1 1 ) .  This was not derived 
by the FE model where extension motion from 
the beginning was observed for all segments. 
However, the maximal rotation angle of the head 
was determined to be similar in amplitude and 
timing. 

Evaluating the injury criteria as described 
above, the NIC values were within a range of 9 -

Figure 3: Angular displacement of the individual verte­
brae for the Madymo neck model when crash pulse a 
was applied to T1 .  

16  m2/s2 (Table l ). The values for the MBS differ slightly Table 1 :  NICmax values obtained for the 
five different pulses applied to T1 . more than those for the FE model. This might be 

attributed to the underlying modelling approach, i.e. the 
FE model relates to a smoother response, because the 
coupling of the vertebrae to each other is not 
concentrated in one joint but linked by the intervertebral 
discs, ligaments, muscles and the contact surfaces of the 
synovial joints which depend on the chosen material and 
mechanical properties (e.g. damping). The pulse that 

pulse 
a 

b 

c 

d 
e 

MBS FE 

14.85 1 5.92 

9. 1 0  1 0.53 

1 0.29 1 2 . 1 2  

14.39 1 4.61 

1 1 .39 1 3. 1 0  

obtained the lowest peak value (pulse b) did for both models produce the lowest NIC value. The pulse 
that most rapidly produced the tiv generated the largest NIC value. Correlation between NICmax and 
the maximum tiv produced before 85 ms after the crash event has for simulated sied tests been found 
by Eriksson and Boström [ 12). 

Calculating the Nij criterion revealed clear differences between the two models. Both timing and 
the maximum value varied considerably, this is assumed to be partly caused by the way the head and 
neck is joined, especially in the FE model. Also it has to be noticed that this criterion is in particular 
very sensitive to the coincidental occurrence of the according forces and moments. Thus, slight dif­
ferences in the predictions over time of forces and moments, respectively, cause significant differ­
ences for the Nij values. 

Computing the IV-NIC relies solely on the rotations ofthe vertebrae. For crash pulses a, b, c, and e 
the MBS gave for all cases a value of 0.6 at approximately 50 ms in extension. The FE model values 
were within a range of 0.7 to 0.9 also occurring at approximately 50  ms. The results for case d were 
0.5 and 0.7, respectively. However, both models predicted the maximum IV-NIC to occur in the C6-
C7 segment. As to date, there is no experimental data available evaluating the IV-NIC, the application 
of the determined IV-NIC values can hardly be assessed in terms of injury risk. 
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Conclusions 

Both the FE and the MBS method as represented by the models under consideration are suited for 
neck modelling. However, depending on the purpose of the neck model, different advantages and dis­
advantages have to be taken into account. Whereas the MBS model offers a good opportunity to de­
scribe the kinematic response within a short CPU time, the FE model allows a more detailed anatomi­
cal modelling and has possibilities to be combined with other fields of interest, e.g. fluid dynamics 
[ 13 ] .  

With respect to the injury criteria investigated, it can be concluded that for the pulse on Tl with 
the lowest peak value the lowest NIC was calculated for both models. The pulse that most rapidly 
produced the !:J.v generated the largest NIC value for both models. For the rotation based IV-NIC 
quantitative differences were found for the value but the maximal loaded segment was predicted cor­
respondingly. 
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