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Ms ThesisbyGoeury CedriDepartment of Applied MehanisSupervisorsDr.Davidson Lars/Dr.Svensson MatsDivision of Fluid Dynamis/Division of Vehile SafetyChalmers University of Tehnology
AbstratA number of aident studies and laims statistis oming from the insurane industry learlyshow that low severity rear impat an lead to nek injuries ausing long term disorders. Thework, originated from a hypothesis of Aldman (1986), proposed a pressure gradient injury meh-anism during a swift extension-exion motion of the ervial spine.During a whiplash motion, a rise of veloity an be expeted and pressure gradient anthus be expeted to our. An experiment using pigs [Svensson, 1993℄, whih exposed pigsto a whiplash motion showed a peak of transient pressure at the middle of the ervial spine.Moreover, another study using mathematial model on�rmed the same pressure shape.The aim of this study is to validate the pressure e�et theory on human beings during arear-end impat using Computational Fluid Dynamis (CFD). The internal vertebral venousplexus is modeled as a 3-D pipe, whih is radially rigid but axially exible. In order to simulatethe expanding of the pipe, the ow of blood is onsidered as a ompressible ow. The e�ortsdone in this work were direted in order to �nd a signi�ant ompressible pattern.With the help of Fluent, we found a best Bulk modulus(B) whih allows to obtain resultswithout osillation. The hosen bulk modulus orresponds to the bulk modulus of the bloodvessel wall allowing to simulate the radius exibility of the pipe. Then, the whiplash simulationshave been arried out and, a negative pressure dip appeared at the middle of the ervialspine during the S-shape on�guration. The results are ompared to animals experiments andmathematial model in order to on�rm them.
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IntrodutionNek disorders resulting from the transportation have a long history. A phenomenon alled\onussion of the spine" was reported as early as 1862. Today, Whiplash Assoiated Disorders(WAD), often alled whiplash injuries or AIS1 (AIS: Abbreviated Injury Sale) nek term suf-fering for the oupant. The word whiplash desribes possible nek motion in eight ases of nekinjuries arising from motor vehile rash.Whiplash Assoiated Disorders represent one of the most signi�ant type of injuries in arrashes regarding both frequeny and long-term onsequenes. The injury mehanism is notfully understood. A new model for explaining these injuries was presented by Aldman (1986).He laimed that the pressure gradient, aused by uid motion under the shortening of the spinalanal at extension movement, give rise to damage to the nervous tissue of the Central NervousSystem(CNS).The aim of this study is to develop a ompressible pattern using CFD, whih is in agreementwith the experimental results and the inompressible CFD results. The �rst part of this studyis about the whiplash generality with the explanation and the stakes of the phenomenon. Theseond part deals with the methodoly in order to reate a onvenient pattern for the CFD study.And the last one is about the results of simulations and the disussion of these ones omparedto the experimental results.

1



Chapter 1Whiplash phenomenon: explanation,stakes and hypothesis
1.1 Whiplash motionRear-end ar ollisions typially our in traÆ situation with dense traÆ and relativelysmall distanes between vehiles in the same lane. A sudden deeleration in the traÆ tempoand the risk is signi�ant that a driver will start to brake a little too late and with some residualspeed bump into the vehile in front.During a rear-end ar ollision, the struk vehile is subjeted to a foreful forward ael-eration and the ar oupant is pushed forward by the seat-bak. The head lags behind dueto its inertia, foring into a swift extension motion. Atually, this lag motion plaes the upperervial segments in exion, and lower ervial segments in extension: the ervial spine adoptsthe 'S-shape urve'. And when eah part of ervial segments respetively obtain their maximalon�guration, the head begins to rotate. And the upper ervial segments go from maximunexion into extension whereas the lower ervial spine go from maximun extension into a lessextension. This phenomenon is alled 'Whiplash motion', it looks like a wave propagation onthe ervial spine.

Figure 1.1: whiplash motion [B.D.Stemper et al., 2005℄2



1.2 Whiplash stakesThe symptoms of injury following nek trauma in rear-end ollision inlude pain, weaknessor abnormal responses in the parts of the body that are onneted to the entral nervous systemby the ervial nerve roots.In 1995, Quebe Tak Fore (QTF) adopted a generi term 'Whiplash Assoiated Disos-ders'(WAD) to desribe linial symdromes and poorly symptoms assoiated with low speedrear-end ollisions. WAD are lassi�ed into �ve lasses based on linial symptoms and signs:QTF Grade Clinial Presentation0 No omplaint about the nek, No physial sign1 Nek omplaint of pain, sti�ness or tenderness only, no physial sign2 Nek omplaint and musuloskeletal signsLimited range of motion, point tenderness3 Nek omplaint and neurologial signsDereased deep tendon reexes, sensory de�its4 Nek omplaint and frature or disloationTable 1.1: Quebe lassi�ation of WAD [QTF,1995℄Nek injury is one of the most ommonly reported injuries assoiated to the low speed rear-end impat. The ost of whiplash nek injuries is tremendous. In fat, in United States, theaverage ost per ase of nek injury was 9; 994 of Amerian dollars, arising an annual ost of2; 7 billions of Amerian dollars. In Europe, more than one million itizens su�er nek injuriesinvolving soial ost whih are about 10 billions euros annually.1.3 Adopted hypothesis in this studyAfter so muh studies on the whiplash motion, there are three lasses onerning hypothesison whiplash injuries whih are a hyperextension related hypothesis, faet joint related hypothesisand pressure gradient hypothesis.However, Swedish Researh has put up the hypothesis that relates whiplash injuries to pres-sure e�ets in the spinal anal of the ervial spine [Aldman, 1986℄ [1℄. In fat, Aldman proposeda pressure hange hypothesis, whih is based on an inreasing pressure in the spinal anal duringthe whiplash motion ausing a ompression on the nerve roots. This theory was investigated inseveral experiments with pigs [Svensson, 1993℄ [15℄. These experiments have revealed that thepressure of the inter-vertebral anal inreases and an injury the ganglion root at the lower ofthe ervial where the pressure transient is the most important.Moreover, these results are orroborated with some symptoms of the whiplash. The aim ofthis study is to validate the pressure e�et theory on human beings using CFD and to orrelateCFD results with experiment results.1.4 Anatomy of the human nekIn order to make an aurate pattern of the whiplash motion, we need to identify the partsof the nek whih will be modeled. The human nek is omposed by spinal ord, venous plexus,ervial vertebrae, ligaments, intervebrae dis, musle and skin. However, the aim of this studyis to investigate the pressure transient during the whiplash motion with CFD. Therefore, onlythe spinal ord and the struture of ervial venous system, whih are onerned by the pressuretransient, will be studied in this part. 3



1.4.1 Struture of the spinal ordThe spinal ord is an extension from the brain stem through the foramen magnum of theskull into the spinal anal. As CNS, spinal ord provides a two-way ondution pathway to andfrom the brain. Spinal ord is proteted by the vertebral body, the erebrospinal uid, and themeninges. The single layered dura mater of the spinal ord, alled the spinal dural sheath, is notattahed to the bony wall of the vertebral olumn. Between the bony vertebrae and the durasheath is a rather large epidural spae �lled with soft padding of fat and a network of veins.

Figure 1.2: Cross setion of the ervial spinal [Sane et al., 1984℄At eah body segment spinal nerves arise. The spinal nerve arry motor �bres to the muslesand sensory �bres from the skin and musuloskeletal system. Eah spinal nerve is assoiatedwith a setion of the spinal ord in whih the neurons are onerned with the sensory and motorativities of that nerve. The white matter of the spinal ord is formed of bundles of �bresarrying sensory information to higher enters or �bres of the motor system onneting theerebral hemispheres, dienephalon and brainstem to the segmental neurons of the spinal ord.There is a high level of organization within the spinal ord. Both �bre bundles and nuleargroups are organized aording to their partiipation in either sensory or motor, and aordingto whih part of the body they are loated. The dorsal half of the grey matter of the ordis onerned with the sensory ativity while motor ativity is onentrated in the ventral greymatter. Consequently, the dorsal roots of the spinal nerves are sensory, while the ventral rootsare motor ativity.
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Figure 1.3: Cervial spinal nerves and pains distributionsAs illustrated in �gure 1.3, there are eight pairs of spinal nerves in nek. They are namedaording to their loation from the spinal ord. The �rst seven pairs of ervial nerves exit thevertebral anal superior to the vertebrae for whih they are named (C1-C7). C8 emerges inferiorto the seventh ervial vertebrae. Moreover, nervous tissues are soft and deliate, onsequentlythey an be injured by even slight pressure hanges. Table A.1 at page  indiates any loalizeddamage to the spinal ord or spinal roots assoiated with some form of funtion loss, eitherparalysis or parathesias.1.4.2 Struture of ervial venous systemThe veins whih drain the blood from the vertebral olumn, the neighboring musles, andthe meninges form intriate plexuses extending along the entire length of the olumn. Theseplexus an be divided in two groups, external and internal, aording to their positions insideor outside the vertebral anal.
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Figure 1.4: Cervial venous plexuses: intervertebral veins (3); basivertebrals (5); external er-vival plexus (4 and 6); internal ervial venous plexus (7); [Clemens, 1961℄The internal vertebral venous plexus lie within the vertebral anal between the dura matterand the vertebrae, and reeive tributaries from the bones and from the medulla spinalis. Theyform a loser network than the external plexus, and they run mainly in a vertial diretion. Theinternal vertebral venous plexus ommuniates with the intraranial basilar venous plexus.The external venous plexus lie in front of the bodies of vertebrae, and is formed by the maintrunk of the external jugular vein and vertebral veins joining the plexus. It is loated alonganterior and posterior aspet of the vertebrae. They ommuniate with the internal vertebralvenous plexus via segmental intervertebral veins and also reeive tributaries from the deep andanterior ervial veins.As mentioned above, external and internal venous plexus ommuniate through bridgingveins whih are alled intervertebral veins. The intervertebral veins aompany the spinal nervesthrough the intervertebral foramina.Due to extensive ommuniation, vertebral venous plexus ould serve as regulator to balanethe volume and pressure hanges of the ervial spine. Cervial venous system is obviouslyapable of passing large quantities of blood without developping varies. Sine external andinternal plexus of veins are assoiated with the vertebral olumn, the volume of hange of theplexus an indue the pressure transient in the spinal anal. This pressure transient ouldgenerate a great strain stress that damage the root ganglion around the transverse foramen.
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Chapter 2Methodology2.1 Theorial modelThe lenght of the ervial anal hanges during the whiplash motion. In fat, it dereases atextension and inreases at exion motion [Breig, 1978℄ [5℄.That means that the inner volume of the spinal anal dereases during the nek motion andinreases during exion of the nek. Futhermore, in this study, the uid ow is onsidered asompressible. Consequently, two phenomena will appear:1. The uid will be ompressed and it will indue a variation of pressure. In fat, with thede�nition of the bulk modulus B, the variation of density an be relied on the variation ofpressure: B = �v �p�v (2.1)and with the relation v = 1=�, this new equation is found:B = ��p�� , �pB = (��� ) (2.2)2. Moreover, the blood volume an move inside the spinal anal as well as between the insideand outside spinal anal and thus ompensate for the hange in inner volume of the spinalanal during the whiplash motion. Therefore, the venous blood, whih fored ow in thevertebral venous plexus and its bridges will be undergone to rapid veloity hanges whihwill generate a pressure transient.The pressure transient is expeted to inrease the strain stress to the soft tissue in the interver-tebral anals and ause injuries.2.2 Modelling2.2.1 Geometri modelAlthough Cerebro Spinal Fluid (CSF) an ow in and out the ervial spinal anal, due tothe greater ow resistane in the subrahnoid spae, the volume ompensation of the CSF hasbeen onsidered as minor importane [Svensson M.Y, et al., 1993℄ [15℄. So, the main hypothesisis that the blood inside the ervial vertebrae is responsible for the pressure transient insidethe spinal anal. To simplify the omplex problem, the vertial vein of the venous plexus waslumped into a single pipe. This pipe is axially exible. The internal vein desents along thespinal anal, it an be onsidered like a long straight pipe. The intervertebral veins, whih gothrough the intervertebral foramen in transversal diretion, onnete the internal venous plexus7



Figure 2.1: Geometri model: one vertial vein whih desents along the entral line of the spinalanal, with seven intervertebral veinswith the external venous plexus. The angles between the intrevertebral veins and the internalvenous plexus are regarded as 90 degrees.The vertial distane between eah intervertebral veins orresponds to the distane of eahvertebral body enter. The lenghts of the internal venous plexus in the vertebrae is about 118:8mm, inluding half the height of the �rst Thorai vertebrae (T1). And the radius of the vertialvertebral vein and intervertebral veins are 1:5 mm and 1 mm respetively [Clemens,1961℄.2.2.2 Kinemati modelIn order to simulate the whiplash motion of the nek during the rear-end impat, data whihdesribe the movement are essential. Ono (2000) [12℄ arried out some tests on human volunteerin order to analyse the nek motion during the whiplash. A volunteer was sitting in a rigid seatwithout headrest and he was restrained by a seat-belt. This test represents an 8 Km/h rearimpat.The movement of the nek an be divided in four phases:� phase 1 (0 to 50 ms): No signi�ant motion of the head and nek� phase 2 (50 to 100 ms): the head moves bakward in parallel to the torso and the nekshows the S-shape on�guration.� phase 3 (100 to 150 ms): The head starts to rotate bakwards and the nek shows anextension motion� phase 4 (150 to 300 ms): The rotational extension angles of the head and nek beomemaximum at 250 ms and then start to ome bak to their initial position.Assuming the rotational angle is zero at the beginning, the overall movement of eah vertebraan be evaluated by interpolation from the data in [12℄ using the software Matlab.2.3 Compressible patternThe blood is onsidered inside the vein like a ompressible ow in order to simulate theexibility of the pipe, in fat: 8



B = �v �p�v , �p = �B(�vv ) (2.3)Moreover, the expression for v and �v are:�v = 2�r�rh (2.4)v = �r2h (2.5)Where r and h are respetively the radius and the height of the pipe. So,�vv = 2�rr , �p = �2B(�rr ) (2.6)We an see that a variation of the pressure leads to a variation of the radius of the pipe.Moreover, with the de�nition of the bulk modulus, and with this relation v = 1=�, a new equationis found: B = ��p�� (2.7)So, liquid density is not a onstant but is instead a funtion of the pressure �eld. In orderto stabilize the pressure solution for ompressible ow in Fluent, an extra term related to thespeed of sound funtion is needed in the pressure orretion equation. Consequently, when youwant to de�ne a ustom density funtion for ompressible ow, the model must also inlude aspeed of sound funtion. The de�nition of the speed of sound is: =s�p�� (2.8)And, with (2.7), we �nd the speed of sound for a liquid: =sB� (2.9)If we onsider that �� = �� �ref , we obtain the equation for the density funtion:� = �ref(1� �pB ) (2.10)And if we replae this expression in equation (2.9), we obtain the equation for the speed of soundfuntion:  =s(1� �pB ) B�ref (2.11)2.4 SimulationFluent is used for the CFD simulation. The movement and the ompressible property of the3D vein are inluded to the software by User De�ne File (UDF �le).The vein model was meshed into 53753 ells by Gambit. The blood inside the vein wasonsidered like a newtonian ow, with density of 0:0035Kg=m3. The ranial end of the modesextends to the foramen magnum. The net ow trough the avity is zero [Svensson et al., 1989℄ [2℄.Thus, the ranial end of the spinal anal, the foramen magnum an be onsidered as a rigid wall.The blood an freely through the vein in both diretions, so the boundary onditions for all portsare outlet vent. Firstly, only the bulk modulus oeÆient is modi�ed in order to simulate theexibility of the pipe. After, the bulk modulus whih gave best agreement with the experimentswith pigs was hosen. The boundary onditions were hosen to be as lose as possible to theexperiments. The time step size was 0:1 ms. The blood ow diretion is de�ned as positivewhen the blood ow upward along vertial vein, and ow out from intervertebral veins.9



Chapter 3ResultsThe entire simulation overed the time interval of 0.3 s. This interval orresponds to thetime of the overall whiplash motion.3.1 The Bulk ModulusThe bulk modulus B is de�ned like the inverse of the ompressibility oeÆient. This oneappears in the ompressible equation in the UDF �les whih de�ne the ompressibilty of theliquid. For this series of simulations, in order to simulate the resistane of veins, eah port hasbeen set outlet with a loss oeÆient, 0.1 for the bottom of the main blood vessel and 100 forthe top, 10 for intervertebral veins.3.1.1 SimulationA �rst series of simulation have been performed with di�erent bulk modulus in eah one.The bulk modulus is �xed for the �rst simulation to 1; 3 � 1010 Pa. This value orresponds tothe bulk modulus of the blood. Then, this parameter is dereased by a fator of 10 at eahsimulation. Moreover, at eah simulation, the pressure is determined as a funtion of time:
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3.1.2 Observation and ExplanationThe �rst phenomenon whih an be notied, is the e�et of the bulk modulus on the pressure.Atually, the pressure amplitude dereases with a lower bulk modulus. This phenomenon anbe explained by the Hook law applied to the blood vessel wall:� = E� with 8<: � = tensil stressE = modulus of elastiity� = strain (3.1)Moreover, there is a relationship between the bulk modulus B and the Young Modulus E:B = E3(1� 2�) with � = poisson oeÆient (3.2)Furthermore, � 2 [�1; 0:5℄, so 3(1 � 2�) = C is a onstant, and the equation as follows isobtained: � = B�C (3.3)Consequently, a variation of the bulk modulus implies a variation of tensile stress � whihorresponds to the pressure in our ase. So, if the bulk modulus dereases then, the pressurewill derease too.Moreover, for eah simulation, there are some osillations whih desappear with a bulkmodulus B = 105 Pa. But, for this value and for bulk modulus B = 106 Pa, there is thepresene of osillations as soon as the beginning of the simulation. In order to �nd the reasonof these osillations, a spetral analysis is arried out using FFT in Matlab, the result is shownin �gure 3.2 for bulk modulus B = 106 Pa:
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is more lose of a gas and there are less interations between the atoms in a gas. So, it is easierto obtain a propagation of a perturbation when the pipe is submitted to a low tensile stresswhih an be indued by the jerky movement of the pipe. For the simulation with a higherbulk modulus at time 100 ms to 200ms, the same phenomenon an be generalized, beause ofthe presene of osillations at the same interval as the simulation with B = 106 Pa but due toso muh osillations, the spetral analysis of these simulations is more ompliated and an beassumed to be aused by numerial problems.3.1.3 Choie of the bulk modulusIn order to simulate the exibility of the main blood vessel, the uid inside the pipe willbe assumed to have with the same elasti property as the elasti property of the arterial wall.The elasti modulus, E, of arterial wall is in the range 198 KPa to 912 KPa [Dongsheng Zhang,Dwayne D.Arola,(2004)℄ [7℄, with a poisson oeÆient of 0:35. Therefore, the average elastimodulus is 5:52 � 105 Pa, and with the realation (3.2), the bulk modulus value is equal to6:13� 105 Pa. This value is hosen for the simulations whih follow.3.2 Whiplash simulationIn this part, the main resuts are presented, they orrespond to the ase where the top andthe bottom have the same boundary ondition in order to not give priority to the ow diretionduring the simulation, so, eah port has been set as outlet with a loss oeÆient, 0.1 for thebottom of the vein and for the top, 10 for intervertebral veins.
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The pressure was alulated for eah ervial (C1-C7), in the main blood vessel. The resultis shown in �gure (3.3). The result shows some osillations at time 0 to 50 ms whih an beindued by the jerky movement of the pipe during the simulation (see part 3.1.2). Then, at50ms, it is the beginning of the S-Shape on�guration. A pressure drop appears at eah level attime 70 ms, the pressures show the largest values at the lower half of the ervial spine and thelowest pressure is found at this time at the C4 level. This negative peak of pressure is about�210 Pa. Then, at time 100 to 150 ms, the pressure of the lower positions present a peak ofpressure whereas for the upper positions, there is a valley of pressure. This phenomenon an beexplained as follows.In fat, at time 50 ms, the spinal anal begins to adopt the S-Shape on�guration, thatis to say, the lower ervials are in extension whereas the upper ervials are in exion. Themaximum of the S-Shape on�guration appears at time 65 ms where the lowest rotational angleis found at the C3 level. Then, the spinal anal begins to extend and the lower ervials gofrom a full extension to a less extension, so the volume of this part of the spinal anal inreasesand the pressure dereases. At the same time, the upper ervials go from a full extension toan extension and indue a derease of the volume whih implies an inrease of the pressure.The upper position pressures should present a positive peak due to these onsiderations, butthere are only a negative peak for eah position. Aording to Svensson (1993) [15℄, this mightbe explained by the fat that the e�et of the volume expansion in the lower ervial spinedominates the ompression of the upper ervial spine.Furthermore, the ow of the uid inside the main vessel has been studied. A hange ofdiretion is observed at time 60 ms and when it is the maximal S-shape on�guration (70ms),the axial ow of the upper position is positive whereas for the lower position is negative. In fat,the positions C3, C4, C5 have the same axial veloity at this time and the di�erene of veloitybetween C1 and C4 is the same as the di�erene between the C4 and C7,V 1� V 4 = V 4� V 7 with V i = veloity of the position Ci (3.5)The same feature is observed for the C2 and C6 position. So, the veloity ows out andon�rms the depressure to the main pipe at the middle of this one, that why the lower pressuresare found at the C4, C3 and C5 positions.Then, at time 100 to 150 ms, the spinal anal undergoes an extension whih explains thepeak of pressure for the lower ervials. During the extension, the volume of the lower part ofthe spinal anal dereases and the pressure inreases. But, the length of the spinal anal betweenC1 and C2 inreases, and indues a derease of pressure. This phenomenon an be explained bythe experiment. When the head begins to rotate, it indues an elongation of the upper ervial.This movement of the nek indues a large derease of the C1 veloity and a bakow whih anbe notied at 125 ms to 140 ms, and a positive veloity for the side pipe. The uid goes outthrough the side pipe and indues a depressure whih an be notied at time 130 ms (�gure (3.3(b))).
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Chapter 4Validation and Disussion4.1 ValidationIn this setion, we will ompare the present study with two other studies wih are relevant forthis projet, one study with pigs [Svensson, 1993℄ [15℄, and another one based on a mathematialmodel using �nite element in order to alulate the pressure inside the spinal anal [Shmitt,2000℄ [13℄.4.1.1 Animals experimentAnaesthetised pigs were exposed to a swift extension-exion motion in order to simulate awhiplash motion [Svensson, 1993℄ [15℄. For the pressure measurement transduers were used:one is used to measure the CSF pressure inside the skull, another measures the pressure at theC4 or C1 level and a last one whih served as referene at the T1 level. The results show a valleyof pressure at 70 ms at the C4 level as well as a positive peak pressure at 100 ms (�gure 4.1).This study presents a similar shape of pressure for the C4 level, with a similar sharp negativepeak of pressure whih is followed by a positive peak of pressure.

Figure 4.1: The pressure in the CNS versus time (Svensson, 1993)
16



However, the intensity of pressure in the present study is muh lower than the Svensson'sexperiment. It an be explained the di�erene between the volunteer experiment and the pigexperiment. In fat, with the pig experiment, the aim of the study was to see if a whiplashmotion an injury a root ganglion of the spinal anal, so the intensity of the exion and extensionmotion was very high. The aim of the volunteer experiment was to study the whiplash motionwithout ausing any injury to the volunteer so, the pressure amplitude must be lower than thepig experiment.4.1.2 Mathematial modelIn his dotor thesis, Shmitt (2001) [13℄ developed a �nite element (FE) model of the ervialspine in order to analyse the pressure phenomenon inside the ervial spinal anal. His modelonsists of the vertebrae, intervertebral diss, intervertebral joints, all major ligaments, nekmusles, and the head. It is built up of two parts, the solid model and the uid model. Thesolid model onsists of the seven vertebrae of the ervial spine and the �rst thorai vertebra.A typial blood vessel of the internal venous plexus with diameter 2.5 mm embodies the uidmodel. With aid of this FE model the pressure inside the blood vessel, the veloity ow �eldand the shear stress on the vessel wall ould be alulated as funtions of time. The pressurewas analysed at the levels of C2, C4 and C6.
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4.2.1 Boundary onditionSine there is limited litterature to provide reasonable loss oeÆient for veins, the lossoeÆient of the intervertebral veins in the urrent study was simply set to 10 and for thebottom 0.1. In this part, the loss top oeÆient is investigated.For the simulation with a high loss oeÆient (100), the negative pressure peak is higher onthe upper positions (�gure (4.3 (a))). And the positive peak is very small ompare to �gure (3.3(a)). Moreover, the pressure drop lags, in fat the lower pressure appears at time 90 ms whereasin the simulation with a loss oeÆient at the top fae equal to 0.1, the pressure drop is at time70 ms.Furthermore, when the top fae ondition is wall (�gure (4.3 (b))), the negative pressure peakis found at the middle of the spinal anal and at time 70 ms. But, the pressure positive peak isvery high and time for whih the pressure is positive seems to be muh longer in omparaisonwith the animals experiment.The �nding is as follows, when the loss top fae oeÆient is too high or when the top faeondition is wall, the simulations annot be onsidered. In fat, the shape of these urves arevery di�erents to the animals experiment and the mathematial model.
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T imes[s℄(a) (b)Figure 4.3: CFD alulation results for di�erent top onditions: (a) pressure transient in thevertial vein for a top loss oeÆient equals to 100; (b) pressure transient in the vertial veinfor a top wall ondition4.2.2 Lenght of the intervertebral veinsThe length of the intervertebral veins inuenes the results (see �gure D.1). Atually, thenegative peak is lose to the animals experiment and the shear stress intensity is higher whenthe side pipe is longer (See appendix D). Consequently, the inuene of the length of the in-tervertebral veins is not be insigni�ant, in fat, the shear stress is expeted to injury the rootganglion of the spinal ord. Generally, for arteries it is reported that the shear stress in owingblood is of the order of 1 or 2 Pa [Shmitt, 2001℄. In our ase, the maximal value is about 4Pa and an injury a root ganglion, but it is at the C1 position and not at the C4. But, in thehuman nek, the root ganglion is proteted by another liquid: the dura matter, and the e�etof the shear stress of the intervertebral veins on this liquid is unknown. So, the urrent studyannot assess whether the shear stress an damage a root ganglion during the whiplash motion.
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ConlusionIn order to eluidate the injury mehanism, a ompressible uid ow inside a venous bloodvessel was analysed. To verify Aldman's hypothesis, CFD simulation thanks to Fluent is usedto �nd out the pressure transient in the spinal anal.To obtain a reliable results, the e�orts were direted to �nd a bulk modulus (B) whih giveresults without pressure osillation and to simulate the exibility of the main blood vessel duringthe whiplash motion. This oeÆient orresponds to the bulk modulus of the blood vessel wall.The results indiate a pressure drop at the C4 level around 70 ms whih orresponds toa time slightly after the maximal S-Shape on�guration, as estimated by the volume hangeanalysis. This pressure amplitude is the highest in the entire simulation.The rotational angle of eah ervial is less than 10 degrees whenever a negative pressure peakappears. The WAD injuries were dereased only by 20 perent [Nygren et al., 1985℄ when thear manufaturers introdue the head restraints. Therefore, in order to avoid whiplash injury,it neessary to limit the S-Shape deformation in order to limit the volume variation after theS-Shape on�guration whih seems to be responsible for the pressure drop.
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Appendix ACervial spinal nerves and painsdistributions
Dis Level Nerve Root Sensory distribution Radiular Pain DistributionC2/C3 C3 Posterior upper nek, oiput Posterior upper nek, oiputearC3/C4 C4 Base of the nek, Nek, upper sapulamedial shoulderC4/C5 C5 Lateral upper arm Sapula border, lateral upper armC6/C7 C6 Biep area, lateral forearm, Lateral forearm, thumb and 1st �ngerthumb and 1st �ngerC7/C8 C7 Posterior forearm, middle �nger, Sapula, posterior arm,middle �nger dorsum of forearm, 3rd �ngerC8/T1 C8 Ulnar forearm and 5th �nger Shoulder, ulnar forearm, 5th �ngerTable A.1: Cervial spine nerves and pains distributions [Shnuerer A.,et al.,2003℄





Appendix BLenght and rotational angle ofervials during the whiplash motion

Figure B.1: Lenght of ervial segments during the whiplash motion

Figure B.2: Rotational angles of ervials during the whiplash motion
d



Appendix CTop fae boundary onditionsIn this part, the top fae boundary ondition is investigated. So, eah port has been setoutlet with a loss oeÆient, 0:1 for the bottom of the vein and 10 for intervertebral veins, andthe top boundary ondition is hanged.C.1 Loss oeÆient 100
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C.2 Top wall boundary ondition
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Appendix DLenght intervertebral veinsIn this part, the lenght of intervertebral veins is investigated. So, eah port has been set outletwith a loss oeÆient, 0.1 for the bottom and the top of the vein and 10 for intervertebral veins.The intervertebral veins are redued in order to see the lenght inuene the result previouslyfound.
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Appendix ESimulation results

(a) (b)Figure E.1: CFD simulation at time 50 ms: (a) Stati pressure ontour, (b) Axial veloityontour

(a) (b)Figure E.2: CFD simulation at time 75 ms: (a) Stati pressure ontour, (b) Axial veloityontour h



(a) (b)Figure E.3: CFD simulation at time 100 ms: (a) Stati pressure ontour, (b) Axial veloityontour

(a) (b)Figure E.4: CFD simulation at time 125 ms: (a) Stati pressure ontour, (b) Axial veloityontour
i



(a) (b)Figure E.5: CFD simulation at time 150 ms: (a) Stati pressure ontour, (b) Axial veloityontour
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