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ABSTRACT

Whiplash injuries occur usually in low-speed read-eollision and often cause pain in the neck megio
as well other neurological symptoms. Aldman (198@posed a pressure gradient injury mechanism.
The experiment study using pig indicates that thakporessure transient is found at the middle ef th
cervical spinal canal, and nerve tissues injurredatected as well.

Present study models a volunteer test carried p@rwo et al (2000), to investigate the pressuragba
in the cervical spinal canal of human using CFDuation. The internal vertebral venous plexus is
modeled as a 3-D pipe, which is radically rigid bxtally flexible. The inner volume change of the
spinal canal is analyzed based on the kinematiakehwf the whiplash motion, which is built on the
measured cervical vertebral rotational angle invblkeinteer test. With the help of Fluent, the CFD
simulation shows that the negative pressure cafolned at the middle of the cervical spinal canal
when the neck reaches the maximal S-shape.

The setup of the boundary conditions and the flgve tof the blood is discussed in the report. Tlpe to
of the internal vein should be assumed no bloodha&xging during the whiplash. Moreover, the value
of the pressure transient increases the loss cwffiof the intervertebral veins. Though the bldod

is modeled as laminar flow, the turbulent flow miodkso gives a reasonable result. Thus, boundary
conditions and flow type of the blood in the cealizenous plexus are two valuable further works.
Moreover, the geometry model and kinematics modelksl be refined in the future.

Key words: rear-end collision, whiplash injury, pressureniant, CFD
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1. Introduction

Whiplash is defined as the lash or lash-like motadra whip. This phenomenon usually occurs in
flexibly connected systems when loads are applieditoln vehicle safety and clinical fields, it
specifies to the acceleration-deceleration motibmead-neck system and neck injury followed this
motion. Whiplash which has been defined as an |la@®n-deceleration mechanism of energy
transfer to neck, usually occurs during varioubkiae collisions, including front-end collision, ae
end collision, side collision, combined, and ottyges of collision (1995, Quebec Task Force).

Figure 1 Whiplash motiofSvesson M.Y., 1993; Erik E.S., et al., 2005)

During rear-end vehicle collision, the struck véhiwith seat and seat back accelerates forward, as
result of the force applied by a striking vehicl&ée occupants who sit in the struck vehicle will be
push forward by seat back. The push force onlyiepgn the torso while head and neck do not sustain
any lateral force. According to Newton's First Lamd the Law of inertia, the object will only chang
its velocity when acted upon by an outside foraeh8ad will remain stationary, relative to the kun
until the moment of collision. Since no head angudéation occurs, linear lag motion places thedow
cervical segments in flexion, and upper cervicgnsents shortly thereafter begin to extend. Viewing
from the lateral aspect, cervical spine adoptslangated S-shape curve. When both parts reach their
limits for maximum flexion and extension respedyyehead starts rotating rearwards. The lower
cervical spine goes from maximum flexion into exien and simultaneously upper cervical spine goes
from full extension into a less extension positidhis process looks like an extension wave propsgyat
from the lower to upper part of neck. This motisrusually stopped by the structure of neck or head
restraint if applicable. We call this duration asiplash-extension (see Figure 1).

Following extension motion, head and neck returth&r upright position and finally goes into flexi
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by contracting force generated by the stretchedclaus neck. Some theories (Svensson M. 1993; Ono
et al.,, 1999; Yang et al., 1996) suggest that vasiplinjuries take place during the early stage of
extension. Aldman (1985) hypothesis that presstamstent in the central nervous system (CNS)
during the whiplash motion may be a reason for Valsip injuries. Furthermore, Svensson (1993)
investigated the pressure transient phenomenorpiimalscanal by pig experiments. Therefore, this
thesis focused on the pressure transient duringxtension motion only.

The economic cost related to whiplash injury, idelumedical care, disability, sick leave, and lostkv
productivity. In U.S, the average cost of whiplasiuries for one person was US$9,994 (which
includes US$6,843 in economic costs and US$3,15quiality of life impacts, but not property
damage), resulting in a total annual cost of appnately US$2.7 billion (Economic and Social
Council, United Nations, 2005). In Australian, theerage total cost of a neck injury is $18,114
including 31.1% general damage, i.e., pain andesuf, 15.9% legal and investigation costs, 14.4%
wages loss and 8.8% hospital and medical cost.tdtaé cost of the Whiplash Associated Disorder
(WAD) could be $540 million each year (Ryan G.AQ0@D In UK, the estimated economical cost of
WAD is at least £1 billion annual (Barnsley L., 200More than 1 million European citizens suffer
neck injuries implying tremendous societal costgidy at least 10 billion Euro annually (Svensson,
2002).

1.1 Whiplash injuries and symptoms

Whiplash injuries include bony fracture, muscladasdisc tear and joint dislocated that usuallgusc

in high speed vehicle collision and could be detdiy CT, MRI and X-ray. Nevertheless, usually no
clear objective evidences could be discerned atdpeed vehicle collision. The potential injury site
could be nerve cell dysfunction, zygoapophyscattjampingement and facet joint capsule stretch
(Svensson M., 1993; Ono et al., 1999; Yang etl8b6).

In earlier studies, Abbreviated Injury Scale (Al been widely cited to rank the severity of wdspl
injury (AIS1 neck injury, which excludes fracture dislocation to the cervical spine)(Compton C.,
1994). It classifies severity on the basis of theybregion injured and the magnitude of the injury
that body region. Since no whiplash injuries prootild be provided in most instances, AIS usually
gives a misleading answer.

In 1995, Quebec Task Force (QTF) adapted a getezrit 'Whiplash Associated Disorders (WAD)' to
describe clinical syndromes and poorly defined spmgs associated with the low speed rear-end
impact. According to QTF (1995), WAD is classifigdo five categories based on clinical symptoms
and signs, shown in Table 1.

This classification is mostly used to classify WADthe acute phase. Beside common symptom neck
pain, WAD includes subjective weakness or abnormesponse in the neck, shoulders and upper back
as well as vision disorders, dizziness, headadimesfus and neurological symptoms in upper torso
(Gay et al., 1953; Macnab, 1971; Evans RW, 1996).
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Table 1 QTF injury degrees, the Quebec classiticabf WAD (QTF, 1995)

QTF Grade Clinical Presentation

0 No complaint about the neck; No physical signs;

1 Neck complaint of pain, stiffness or tendernadyg;dNo physical signs;
Neck complaint and musculoskeletal signs;

? Limited range of motion, point tenderness;
Neck complaint and neurological signs;

° Decreased deep tendon reflexes, sensory deficits;

4 Neck complaint and fracture or dislocation.

WAD is often delayed, from several hours to 24 kpand usually recovers in some days or couple of
weeks, regardless of the treatment or type of pegeided (QTF, 1995). A well-designed prospective
study reported the following percentages of pasiemith complaints of neck pain and headaches,
respectively, at various times after the injury?®and 57% — 1 week, 38% and 35% — 3 months, 25%
and 26% — 6 months, 19% and 21% — 1 year, and 16d5% — 2 years (Radanov BP.,1994b and
1995 ).Whiplash injuries recover period usuallyieswith treatment strategy, gender, age, andfnealt
condition. Based on the duration length, WAD hasrbdivided into acute symptoms with 0-12 weeks
duration and chronic symptoms with more than 12 kseguration or disability (Nachemson and
Jonsson, 2000).

Unfortunately, about 10 to 20 percent of the wisplgatients have the risk to develop to chronic
disease and disabilities (Kischka U., 1991). Intidg of patients with chronic symptoms after a
whiplash injury, cognitive, psychological, and sdimasymptoms occurred in the following
percentages: nervousness and irritability, 67%;nitvg disturbances, 50%; sleep disturbances,
44%;fatigability, 40%;disturbances of vision, 38%ymptoms of depression, 37%; headache, 85%;
neck pain, 100%; vertigo, 72%; and brachialgia, §8%chka U., 1991). Symptoms present two years
after injury are still present ten years after thiiry (Gargan MF., 1990). It is chronic WAD that
constitutes the problem in medical and biomech&siase.

Since the common WAD (neck pain and headache) actire low speed (<20 km/h) range, all rear-
end collision discussed in this thesis are reféhédow velocity collision.

1.2 Anatomy of human neck

To duplicate the whiplash motion and setup an ateugeometry model, it's necessary to identify the
essential parts of the neck (cervical vertebrasglgan nerve, and venous plexus). Fundamental
knowledge about human anatomy should be illuminatbtbreover correct and systematic
understanding to human biological system enhanndsratanding of potentially injurious events and
allows prediction of safety-related problem.

The basic mechanical elements of neck include bpmoad, venous plexus, cervical vertebra,

CHALMERS, Applied MechanigsMaster’s Thesis 2008: 38 3



ligaments, intervertebrae disc, muscle and skirwéi@r, this thesis only focuses on cervical vedebr
which relate to the whiplash motion, vertebral wemosystem, which could be potential injury
causation, and cervical nerves, where injuries aarays be found. Although Cerebro Spinal Fluid
(CSF) also can flow in and out the cervical spicahal, due to the greater flow resistance in the
subarachnoid space, the volume compensation o€C8ie has been considered as minor importance
(Svensson M.Y., et al., 1993). The essential Hymts of this thesis is that the great pressure
gradient generated during the whiplash could danthgenerve ganglion. Ligament, muscle and disc
are also potential injury sites following the wiaigh motion. However, they are not the main poimts i
this thesis

1.2.1 Structure of spinal cord

The spinal cord, enclosed within the vertebral oolyextends from the foramen magnum of the skull
(where it merges imperceptibly with the medullatied brain stem) to the level of the first or second
lumbar vertebra, just inferior to the ribs. As CN@inal cord provides a two-way conduction pathway
to and from brain.

Spinal cord is protected by vertebral body, cerspirtal fluid, and meninges. The single layered dura
mater of the spinal cord, called the spinal dulnalagh, is not attached to the bony walls of théeleal
column. Between the bony vertebrae and the duedthhis a rather large epidural space filled with a
soft padding of fat and a network of veins. CSK tihe subararchnoids space between the arachnoid
and pia mater meninges, shown in Figure 2.

Figure 2 Cross-Section of Cervical Spi@ances et al., 1984)
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Each spinal ganglion connects to the spinal cordamyroots, the dorsal and ventral roots. Each root
forms from a series of rootlets that attach aldmg whole length of the corresponding spinal cord
segment. The ventral roots contain motor fiberssiray from anterior horn motor neurons, which
extend to and innervate the skeletal muscles. Doosds contain sensory neurons in the dorsal root
ganglion, which conduct impulses from peripherdtlgated receptors to the spinal cord. The spinal
roots pass laterally from the cord and unite justadito the dorsal root ganglion to form a spinaive
before emerging from the vertebral column via thegpective intervertebral foramen. Numerous other
nervous tissues and many tiny muscles are situatdte neck around the spine, as well as large and
small blood vessel.

a b
Figure 3 Spinal nerves distributio8c¢hnuerer A. et al., 20P3
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As illustrated in Figure 3(a), eight pairs of spinarves in neck, each containing thousands ofenerv
fibers, arise from the spinal cord and are burieépdin the neck. The spinal nerves are named
according to their point to issue from the spinaidc The first seven pairs of cervical nerves éxi
vertebral canal superior to the vertebrae for whiteky are named. C8, on the other hand, emerges
inferior to the seventh cervical vertebrae (betw€@nand T1). Below the cervical level, each spinal
nerve leaves the vertebral column inferior to thme-numbered vertebra.

Most nerve branches transmit sensory impulses filmenskin of the neck, the ear area, and the
shoulder. Other branches innervate muscles of tberiar neck. They give rise to virtually all the
nerves that innervate the upper limb as Figure d&@playing.

Since nervous tissues are soft and delicate, tleplaceable neurons are injured by even slight
pressure. Damage to the ventral root results itaecitl paralysis of the skeletal muscles served.
Because the lower motor neurons are damaged, m@apwases do not reach these muscles, which
consequently can not move either voluntarily orolomtarily. Transaction of the spinal cord at any
level results in total motor and sensory loss idybregions inferior to the site of damage. If tleeves
injury occurs in the cervical region, all four lislare affected and quadriplegia occurs.

Table 2 indicates any localized damage to the spora or spinal roots associated with some form of
function loss, either paralysis or paresthesiastation of the phrenic nerve causes spasms of the
diaphragm, or hiccups. If both phrenic nerves asered, or if the C3-C5 region of the spinal cad i
crushed or destroyed, the diaphragm is paralyzedraspiratory arrest occurs. It is clear that the
symptoms of cervical nerve injury could be partshef WAD. Cervical nerves injury could be one of
the main causation of the whiplash injury.

Table 2 Cervical spinal nerves and pains distrdng{Schnuerer A., et al., 2003)

Disc Nerve Sensory Distribution Radicular Pain Distribution
Level Root
C2/C3 C3 Posterior upper neck, occiput, ear Pastapper neck, occiput
C3/C4 Cc4 Base of neck, medial shoulder Neck, uppapula
C4/C5 C5 Lateral upper arm Scapula border, latgyper arm
C5/C6 C6 Blcepta_lrea, lateral forearm, thurq_bateral forearm, thumb and'finger
and f'finger
C6/C7 Cc7 Posterior forearm, middle fingerscapUIa’ posterior - arm Dorsum of
forearm, & finger
C7/T1 C8 Ulnar forearm andginger Shoulder, ulnar forearm™ finger

1.2.2 Structure of cervical venous system

The vertebral venous system is composed of thteecommunicating networks: the external vertebral
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venous plexus, the internal vertebral venous pléRas surrounds the dura mater within the vertebral
canal, and the bridging veins (see Figure 4). Theebral venous system constitutes the major
drainage pathways to return venous blood from thrial structures towards the heart (see Figure 5).

Throughout the vertebral column, internal verteleaious plexus are located inside the vertebralcan
between the dura mater and the epidural spaceh#danels are embedded in the epidural fat and
consist of anterior plexus and posterior plexuse Titernal vertebral venous plexus communicates
rostrally with the intracranial basilar venous plexEvidence of the internal vertebral venous pexu
was the presence of interarcuate veins that joititednternal vertebral venous plexus at the vealeb
arch. Numerous transverse connections exist bettese longitudinal networks (Edward and Barton,
2006).

The external venous plexus that encloses the potgion of the vertebral body is formed by the main
trunk of the external jugular vein and vertebrahggoining with the plexus. It is located alongeior
and posterior aspects of the vertebrae. Exterrglgm veins and vertebral veins terminate in the
subclacian veins and the brachiocephalic vein smby. The vertebral veins located inside the
transverse channel of the vertebrae C1 throughT@éy communicate with the internal vertebral
venous plexus via segmental intervertebral veirsadso receive tributaries from the deep and amteri
cervical veins. These longitudinal venous trunkgate laterally at the level of each intervertelutizic
and converge medially at the mid-point of the Jandé body, where they unite with the basivertebral
veins.

Figure 4 Cervical vertebral venous plexus : 3,rivegebral veins ; 5, basivertebralis veins ; 4 @nexternal cervical
venous plexus ; 7, internal cervical venous pldé&iismens, 196

As mentioned above, external and internal venowxusl communicate through bridging veins:
intervertebral veins, which exit through the inetebral foramen on both sides of the vertebralybod
and the basivertebral veins, which extend in radit@ction through the vertebral body.
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Figure 5 Course of the cranial and cervical veiBfa{ne R.N., 1998

Due to extensive communications and the nonvalvugdwre, vertebral venous plexus could serve as
regulator to balance the volume and pressure clsathgecervical spine. This ability has been amply
demonstrated by the experiments that compressuthgars veins, causes an increase in the CSF
pressure through dural compression from expandidheocollaterally loaded internal plexus (Richard
H.R., et al., 1981). Cervical venous system is emily capable of passing large quantities of blood
without developing varies. Since external and maéplexus of veins are associated with the vealebr
column, the volume change of the plexus will inddbe pressure transient in spinal canal. This
pressure transient could generate great sheas stras damage ganglion root around the transverse
foramen.

1.2.3 Structure of cervical vertebrae

The cervical spine has seven cervical vertebraeedaas C1, C2 ...C7 from the top downward the
bottom (Figure 6). They are connected flexibly iginent, discs and muscle tissue. To provide a firm
support and multi-direction motion for head, cealicurvature is concave posteriorly. This curvature
increases the resilience and flexibility of neclgking it function like a spring rather than a rigah.
Additionally, cervical vertebrae provide attachmpaints for muscles, ligament and other soft tiggue
cervical section. It also protects the delicatemabtord which runs through the vertebral foramen.
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Figure 6 Structure of cervical vertebr@geeiser C., 2002)

C1 and C2 have unique structure and require spaoiation. C1 is a bony ring without body and
spinous process, consisting of an anterior andepostarch (Figure 7). The distinctive charact#gis

of C2 is the odontoid process (dens), which ardi@d with the posterior surface of the anterior
tubercle of C1.The heat rests on C1, with C1 phgtaround the dens. Dens serves as a pivotal
restraint against horizontal displacements of Cgefloer C1 and C2 form a complex articular system
that permits both the nutational and rotational ements of the head. Since there is not interveatebr
disc between the first two vertical vertebrae, taeyregarded as an integrate entity.

Ci1 Cc2 C1/C2 circular

Figure 7 Structure C1 and @3chnuerer A., et al., 2003)
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Figure 6 A typical cervicalrtebral body (C3]Schnuerer A., et al., 2003)

The 'typical' cervical vertebrae (C3-C7) have a gmm structural pattern (Figure 8). Each vertebra
consist of a body anteriorly and vertebral archterosrly. Together, the body and vertebral arch
enclose the vertebral foramen. Successive vertdbramina of the articulated vertebrae form the
vertebral canal, or spinal canal. To either sidthefbody lies a small transverse process andvieases
foramen that vertebral vein travels through. Thpesior articular processes are lateral to trangvers
foramen. These processes are connected the argadgosterior portion of the vertebrae via pedicle
The pedicles have notches on their superior aretiantborders, providing lateral opening between
adjacent vertebrae called intervertebral foramirtee spinal nerves which issue from the spinal cord,
and intervertebral veins which connect vertebrahyeand internal vertebral venous plexus, pass
through these foramina.

1.3 Hypotheses and previous researches

Whiplash injury research could be tracked back3b60k. After decades of study, there are least five
different hypotheses of injury mechanism. Mosthefse mechanisms are based on observed kinematics
of the neck in impacts on animals, cadaveric specgnor volunteers (King H Yang and Albert King,
2003). Principally, these five hypotheses couldliveded into three classes, which are hyper extensi
related hypothesis, facet joint related hypothesis, pressure gradient hypothesis.

Earlier studies have suggested that neck hypengixte may be responsible for WAD, based on the
large extension angle of the neck in the lateresagf a rear-end impact (Macnab 1965). However,
current automotive head restraints were not effedti reducing the frequency of this problem (Deng
et al, 2001). Nygren et al. (1999) found only a 2@étrease in neck injuries after the introductiébn o
the head-restraint. This means that the hyper-sideninjury mechanism model needs to be re-
examined.

Another hyper extension related theory is musciarynduring the whiplash, where the anterior
cervical muscles undergo an eccentric contracfidrat is, the muscles are contracting as they are
being stretched. It has been shown by Garrett.gf18D7) that muscles can only be injured during
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eccentric contraction. However, in the case ofdlaserior muscles, they tend to hurt for a fewsday
after the impact but are not a chronic problem. dificulty appears to be located in the back af th
neck where the extensor muscles are located. Thaseles undergo concentric contraction and are not
likely to be injured. Tencer et al. (1999) propodbkdt the injury to the extensor muscles occurred
during rebound of the head and neck as the undergacentric contraction. The mechanism is
biomechanically consistent with the results of @tret al. (1997) but the hypothesis flies in theef of
many more frontal impacts in which there is hygekibn due to severe crashes and there not a large
number of complaints of neck ache from these cvaghms.

Ono et al. (1997) and Yoganandan et al. (1998) lptipose a facet joint impingement injury
mechanism. Specifically, Ono et al. (1997) theatid®at a portion of the facet capsule can be trdppe
between the facet joint surfaces and pinched, ngymin. There is no biomechanical evidence that th
capsule is loose enough to be trapped betweeratte joint and even if it was trapped, evidence is
lacking to show that nociceptors are present irtrdlygped portion of the capsule and are indeedffet
by the pressure. The proposition that compressiadheosurfaces can produce pain is also untenable
since cartilage is devoid of nociceptors and tiere neurophysiological evidence that the nocimept

in the subchondral bone can be made to fire bypitasumed compression.

Another hypothesis related to the facet joint wasgppsed by Yang et al. (2000). The authors claimed
that the combination of axial compressive force podterior shear of the cervical spine induced a
large stretch of the facet joint capsule. In a-evad impact, the motion of the torso precedesdhéte
neck due to the fact that the force is first agplie the torso by the seat back. In order for thadhto
remain attached to the torso, a shear force isrgexteat each cervical level from C7 until it reagh
the occipital condyles before the head can mowednt. Because the cervical facet joint is inclira¢d
an angle that is approximately 45 degrees fromatfiero-superior to postero-inferior position, this
configuration makes it easier for the facet joiapsule to be stretched in a rear-end impact cordpare
to that in frontal impact. The axial compressivecéis due to straightening of the kyphotic thoraci
spine and/or upward tamping of the torso on the¢ baeak. Later, the hypothesis was modified to
include the tensile force generated between thetavhich has been slowed down or stopped by the
lap belt, and the head that is still moving in sluperior-posterior direction (Yang KH and King Atbe
2003).

Aldman (1986) proposed a pressure change hypothesish is based on an increase in pressure in the
spinal canal during whiplash causing compressiothemerve roots. Subsequent experimental studies
using pigs reveal that the pressure of inter-vealetanals had the largest values in the lower bfalf
the cervical spine, and the injuries to the ganglihich are situated in the intervertebral foramina
were most severe at the lower half of the cervasalwell (Svensson, 1993). Not only the pressure
increase and the ganglia injuries location is dateel, but those injuries to the cervical spinaigjm

are also corroborated by many of the known whiplagtension symptoms: Pain and sensory
disturbances to the parts of the body that arecased with the cervical dorsal nerve-roots are
common (Nygren, 1984; Watkinsson, 1991) and visisorders could for instance be caused by
disturbance to the proprioception associated with gensory function involving the upper cervical
spinal ganglia (Hildingsson, 1991). Sensory dysfimmcof trigeminal skin area combined with cervical
soft injury could possibly be caused by injury tee ttrigeminal ganglia due to the same pressure
mechanism as suggested by Aldman (1986) for theicztrspinal ganglia (Svensson, 1993).
Headaches could also be an effect of injurieséa#rve root region (Hildingsson, 1991).
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However, Yang (2003) commented that the pressuaagm hypothesis does not fit clinical symptoms,
because stimulation or pressure on the nerve rawts dorsal root ganglion (DRG) can produce
radicular symptoms and not pain in the neck. MoeepCavanaugh (2000) suggested that the cervical
facet joints are a significant source of whiplasimpsource, the clinical studies conducted in Aalistr

by Barnsley et al. (1995) and Lord et al. (1996yehthe similar conclusion. But it is not the only
source of the whiplash injury. As indicated in Tafhl WAD can be divided into five QTF grades. Hell
et al (2000) suggested that the QTF grades shoutdmthe cervical spine distortion (CSD) severity,
and estimated for QTF1 to QTF3, as shown in TabM/igh the estimation given by Hell et al (2000),
joint facet and neurological injury can be clagsifinto different QTF grades. Although the pressure
change theory could not cover all the whiplashringymptoms, it is a non-negligible hypothesis for
whiplash injuries mechanism.

Table 3 Estimated pathology of cervical spine digia (Hell et al., 2000)

Estimated Pathology of Different QTF Degrees

Microscopic or multi-microcopic lesion. Lesion isotsmall to cause muscu

QTF1 spasm.

Distortion and soft tissue bleeding (joint capsulégaments, tendons a

QTF2 muscles).Secondary muscle spasm after soft tisgurey i

Injuries of the neurological system caused by meiclah damage or seconddry

QTF3 irritation caused by bleeding or inflammation.
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2. Aims

Present study includes three purposes:
Setup a 3-D model for vertebral venous plexus;
Model the whiplash motion using MATLAB;
Investigate pressure transient during the whiptastion via CFD.
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3. Methodology

3.1 Theoretical model

The length of the cervical spinal canal alters wtienneck is flexed or extended; it increasesexidh
and decreases at extension (Breig, 1978), seed=8jui/hile the total cervical canal area is on ager
4% smaller in the retracted position than in thetra position, the area occupied by the spinaticor
remains unchanged (Siegmund et al., 1998). Thisnsélaat the inner volume of the spinal canal
decreases during neck extension and increaseggdiexion of the neck. However, all the tissues and
fluids (fat, blood, CSF) inside the spinal canat airtually incompressible (Estes and McElhaney,
1971). Since the CSF flow was thought to be of mimmportance regarding this type of volume
compensation, this means that blood transportatmm@nd from the cervical spinal canal, must take
place to compensate the volume change during élefi-extension motion of the cervical spine.

Figure 7 Extension and flexion of the spinal cddddnsson, 1993
Therefore, the venous blood, which forced flowshia vertebral venous plexus and its bridges, vell b

subjected to rapid velocity changes and generasspre gradient. Such pressure gradient is expected
to increase the shear stress to the soft tisstieiimtervertebral canals and cause injuries.
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3.2 Geometric model

To simplify the complex problem, the vertical veih the venous plexus was lumped into single
flexible pipe which radius is regarded as constiainst, only one vertical vein with seven interedntal
veins has been reproduced. Since the internaldesoents along the central line of spinal canakuiit

be regarded as a long and straight pipe. The iatibral veins, which go through the intervertbral
foramen in transversal direction, connect the mdkrvenous plexus with external venous plexus.
Moreover, conjoint angle between intervertebralotenvessel and internal venous vessels are regarded
as 90 degree. The vertical distance between eéatvéntebral vein equals the vertical distanceaaihe
vertebral body centre.

Dimension of cervical vertebrae and discs have bdecumented and results were quoted in
millimeters. Vertebral height is defined as therage of anterior and posterior heights, and each of
them has been measured from the radiographs oféd® subjects (Vasavada, A.N., et al.,2007) (see
Figure 10).

Figure 8 Definition of the parameters: A, antesiertebral height; B, posterior vertebral heighta@terior disc height; D,
posterior disc height; E, vertical distance of eegttebral centre.

Only mean value (exclude standard deviation) ofwbeebral measurements has been adopted. The
empirical ratio of intervertebral disc height tortedral height in cervical region is 2:5 permitting
greatest motion. Based on this ratio, the disklitesguld be calculated out as shown in Table 4.

Since only the internal venous plexus in cervieglion has been considered, its length is abou8118.
mm, including half the height of T1 (Figure 11 at®). These dimensions are stable during whiplash
motion and provide rotation center for C7. The icaftvertebral vein and intervertebral veins aneegi

the radii 1.5mm and 1mm respectively (Clemens, 1961
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Table 4 Measurements of the vertebral body andviatigbal discs height

Vertebral body| Height(mm) Discs Height(mm)
c1l/c2 17.56 c1l/c2 none
C3 13.5 C2/C3 7.02
C4 12.6 C3/C4 54
C5 12.2 C4/C5 5.04
C6 12 C5/C6 4.88
C7 13 Co6/C7 4.8
T1 13 C7/T1 4.3

Figure 10 Shematic illustration of measurements
the midline longitudinal sections of the subax

cervical spine

Figure 9 Geometric modelone vertical vein whic
descents along the central line of spinal canath
seven intervertebral veins which go throughe
intervertrbral foramen in transversal direction
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3.3 Kinematics model

To reproduce the whiplash motion of the neck dutimg rear-end collision, data which describe the
relative movement of cervical vertebra is requir@do et al. (2000) carried out a series of voluntee
sled tests to analyze human cervical vertebralonat low-speed rear-end impacts. Thus, kinematics
model is based on the experimental data presegt&@mnb et al. (2000).

Figure 13 Time histories of accelerations of tleglshead, thorax, and pelidno et al, 2000)

Figure 14 Time histories of the angular motionted head, torso, and ne(®no et al, 2000)

The test represents an 8kph rear impact. The vedunwas sitting in a rigid seat without headrest an
was restrained by a seat-belt. Figure 13 illustrate® measured accelerations in the test. The peak
acceleration of the sled, which represents the peakleration of the target vehicle in real cadimsiis
approximately 4g, while the peak head accelerasoapproximately 7.5g. The maximum rotational
angle of the head is approximately 76 degreescdumwed at 250ms after the collision, and then the
head rebounded about 8 degrees in the followings58ee Figure 14.
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Figure 11 Rotational angle of each vertebra froenttrizontaOno et al, 2000)

Figure 12 The interpolation results of the rotasilosngle of each vertebra

Figure 15 demonstrates the time history of thetimtal angle of each vertebra. The definition o th
rotational angles is illustrated in Figure 18, ihigh the volunteer is supposed facing to the rgitie
and the direction of cervical spine extension ifinéel as the positive rotational direction, and the
upward motion was designated as the positive \&rtistance (Ono et al, 1997). The rotational angle
of each vertebral segment is defined as the argjleden the horizontal plane and the line, which is
determined by the inferior anterior and posterioings of each vertebral body,(to ¢ in Figure 18).
The cervical vertebra's real pattern of flexionegstion motion is a combination of translation and
rotation (Jofe et. al, 1983).
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Figure 13 Centers of flexion-extension motion C2{Eenning 1983

Figure 14 Definition of the rotational angl@ro et al, 200D
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Penning (1983) suggested that the flexion-extensimtion follows a circular path, and defined a
center of motion, which is a so-called "instantars®acenter. The instantaneous axes of rotatiothfor
cervical spine motion segments were placed in @iffelocations by various researchers. Suggested
locations include the body of the subadjacent beatein the center of the vertebral body, in thecdi
and also, specifically, the nucleus pulposus. Ren(i983) compared the mean location of the flexion
extension center of motion in a group of subjettdifferent levels between C2 and T1, and showed
that at C2-C3 the mean location of the center théndorsocaudal part of the body of C3, and alC7-
about halfway to the cranial end-plate of T1. At thtermediate levels, the center gradually sfiéis

one extreme position to the other, shown in FigikeThus, it is reasonable to simplify the whiplash
motion as each vertebra is rotating around itamsneous center, which is placed at the centis of
sub-vertebral body.

The rotational angle defined in Figure 18 is eqoahe angle rotated around its instantaneous cente
The movement in starts at 45ms. Considering the@stcondition, it is impossible that the voluse
could keep their neck without any movement in ihgt #5ms. It means that Ono did not present the
minor movement of the neck in the first 45ms. Tdkenthe kinematics model more closed to the real
test, as well as to smooth the movement, we added slight movement to each vertebra, allowing
the neck to move starting at Oms instead of 45m0s.elAach curve in Figure 15, we picked seven
rotational angles located at 50ms, 65ms, 100msm&5@00ms, 250ms, and 300ms respectively.
Assuming the rotational angle to be zero at thenpégg, the overall movement of each vertebra can
be predicted by interpolation of the selected Eowith the help of cubic spline function in MATLAB.
The results of the interpolation are shown in Fegli6. Although the desired analyzing range of the
cervical vertebral motions is cover the entire mfrgm C1 to T1, due to the limited cineradiographi
field of vision (Ono et al, 1997), two assumpti@ne necessary before applying the volunteer data.

(1) As mentioned in Chapter 1.2.3, C1 and C2 haanlregarded as an integrate entity. This means
there is no relative rotational motion between them

(2) The movement of C6 is modeled as rotating adlatsinstantaneous center, which is placed at the
center of C7 vertebra body center. But, Ono (208i03d to record the motion of C7, so we placed the
instantaneous center of C6 between C7 and T1,nsEmyure 18. This assumption induces an error to
the results. However, it has not changed the pattethe results.

In Figure 18, five squares, which are the so calsthntaneous centers of the rotation of C2-Céewe
defined as vertebral key nodes (VKN). While, setreangles are the key nodes on the central line of
the spine canal, defined as spine canal key nd8kslY. The SKN was seen as connected with its
adjacent VKN as a rigid body. The relative distabeéveen SKN and VKN is about 20 mm. When a
VKN rotates a given angle around its instantaneamder, the SKN follows the same movement as the
VKN. For each time step, the positions of VKN wegrdculated based on the interpolation results of
the rotational angle history. The position of SKf\depending on its adjacent VKN. Thereby, the inner
volume of the spinal canal can be increased or cesspd when the neck is flexed or extended.

The head-neck-torso motion and cervical vertebragom of the volunteer in Ono's test is shown in

Figure 19. Together with Figure 13 and Figure t&mfthe head-neck motion point of view, the whole
rear-end collision could be divided into four prag@no, 2000):
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Figure 15 Head-neck-torso motion by high-speedw/i@® and cervical vertebrae motion by X-ray Cidérgraphy (b)
(Ono, 2000)

Phase | (0 to 50ms, Initial Response): No significaotion of head or neck is found in this phase.

Phase I (50 to 100ms, Flexion): The head movekvaa in parallel to the torso and the neck shows
an s-shape deformation. The head acceleration EEromaximum around 80ms; C6 shows a slight
initial flexion and then starts an extension. TReeesion of upper vertebrae starts later on.

Phase 11l (100 to 150ms, Flexion-Extension): Thacheotation angle starts becoming larger than that
of neck around 110ms. Around 130ms, the extensiagleaof the sixth cervical vertebra becomes
maximum. The whole neck shows in extension motion.

Phase IV (150 ms, Final Response Phase: Maximurangxin Motion): The rotational extension
angles of the head and neck become maximum arob@oh® and then starts resuming the original
positions thereafter. The upper vertebrae maimaarly the same extensional alignment and keep on
rotating in line with the 6th vertebra.
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Figure 16 Whiplash movement history of the neckgkiatics modeling results (squares represent Stildsgles
represent VKNSs)

Figure 20 shows the calculated key frames of thebhash motion. It depicts that the neck flexed

slightly in the first 50ms, and then, the head nsobackward parallel to the torso in the following

50ms. The whole neck shows extension in the remgitime, the rotational angle of C6 gets maximal
at around 130ms. And then, the upper vertebra anigg=ome larger than C6 after 150ms. The
maximal S-shape is found at around 80ms. The mugle&sult matches both Ono's x-ray photos and
his description for the whiplash motion. Thus, kregics model principally duplicated the whiplash

motion undergone in Ono's test.

Cadaver test is another efficient way to study wWigplash injuries, especially for higher speed
situations. Because there is no soft tissue regponsadaver, the movement of cadaver's neck is
unique. Thus, the kinematics model for a cadaver (Beng B., et al., 2000) have been reproduced
using the same way as volunteer test model.
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3.4 CFD simulation

The development of commercial CFD software provigesvith a convenient way to model the blood
pressure change in the vein-plexus. In this th&ignt is used for CFD simulation. The movement of
the 3-D neck model is included by means of the sdined Files (UDF).

The kinematics model solves the position of SKNdwery time step. Based on the position of SKN,
with the help of MATLAB Curve Fitting Toolbox, a 8es of fifth-order polynomial equations are
generated to describe the motion of the central dihspinal canal at each time step. Since theceért
vein in geometric model descent along this cering, the motion of the vertical vein also can be
describe by these equations. Here, the geometritehend the kinematical model are coupled in
FLUENT. Any deformation and collapse of the veie amitted, thus the coordinates of an arbitrary
position on the vein model can be determined bypikegits vertical position and changing its
horizontal coordinates by adding its offset coroegpng to the blood vessel central line.

The vein model was meshed into 53573 cells by Ganiibe blood was simplified to incompressible
laminar Newtonian flow, its density is 1050kgd/rand viscosity is 0.0035kg/(m*s). The cranial eifd
the model extends to the foramen magnum. The oet fhrough the cavity is zero (Svensson et al,
1989). Thus, the cranial end of the spinal cahal foramen magnum can be considered as a rigid wall
The boundary condition at the top of the model waglemented as a wall. As described in Chapter
1.2.2, there is no valve in the vein-plexus. Thaoblcan flow freely through veins in both direcgon
Therefore, the boundary condition for other postoutlet vent. To simulate the resistance of veins,
each ports has been set a loss coefficient, 0.théobottom of the vein, and 10 for the interveraéb
veins. The values of the loss coefficient do notehenuch theoretical or experimental support. The
boundary condition of the wall of the model wasa&eno-slip wall. The time step size was 0.1ms. 100
iterations for each time step were selected taagedhe influence of the residual. Effect of the
boundary condition will be discussed in Chapter 5.2

The settings of the case described above is caledbaseline case. In addition, the boundary
conditions and flow type also have been variedhtestigate the sensitivity.

In this thesis, the blood flow direction is definad positive when blood flow upward along vertical
vein , and flow out from intervertebral veins.
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4. Results

As described in Chapter 3.1, the inner volume chasfghe spinal canal causes the blood to flowrin o
out of the vertical vein in the cervical spinal aarConsequently a pressure gradient between sidein
and outside of the modelled vein is generated whely damage the nerve tissue in the intervertebral
canals. Thereby, the inner volume change of theettextiinternal vein plays a significant role on the
blood pressure transient. Since the cross-sectameal of the spinal canal was assumed to be canstan
during the whiplash motion, the volume of the visim proportion to the spinal canal length. Figfe
shows the length change of the spinal canal foh s@gment. According to the positions of SKN, the
spinal canal was divided into six segments, from tthp to the bottom named S1 to S6 respectively.
Besides S6 represents the part of the spinal cjatent to the vertebrae C6 and C7 as a whole
segment, S1 to S5 represents the part of the spamal adjacent vertebra C1 to C5 respectivelycesin
the modeled movement of vertebra C6 was based oassumption (2), the inner volume change of
the S6 area may be over-estimated.

a b

Figure 17 The length change of the spinal candahduhe whiplash motion: a, absolute length chasfgeach segment();
b, relative length change of each segmenfi()

From O to 50ms, the volume change is minor. Thesuriation of the blood pressure in the vein
should be very small. Then, from 50 to 100ms, S&tehs rapidly, while the sum of the increased
length in S3, S4, and S5 approximately equalseadgtreased length in S6. This means that the blood
flows out from S6 region, but flows into S3-S5 @yi Moreover, relatively slow blood flow velocity

in the S3, S4, and S5 intervertebral veins canxpedaed in this period. The shortening of S6 car@m
until 160ms, while the length of middle region deases after 100ms. From 160- 300ms, the length of
S6 becomes longer, and similar increase can bedfatirS5 after 220ms, while the upper regions

24 CHALMERS, Applied MechanigsMaster’s Thesis 2008: 38



continue shorten. Consequently, positive peak bfmedsure can be expected between 160 and 300ms
in upper region.

The CFD simulation results of the baseline casesamvn in Figure 22. At 50ms, the blood flow
downward (negative flow velocity) because the presss higher in the upper region than in the lower
region. The negative peak pressure is approximat@Pa, which is found at C3 and C4 around
80ms. Also, the positive pressure is found aftedmi®& The blood flows upward (positive flow
velocity) before 150ms, and then goes downwardrbyrd€he maximal positive velocity in the vein is
found at C4, following with C5 and C6, occurs attard 100ms; While, the peak velocity of C1, C2
and C3 happens at about 120ms. The peak velociheimtervertebral veins occurs at between 100 to
150ms, and the highest velocity is reached in theeu region of the neck. In summary, the peak
negative pressure and peak velocity of the veinfamad at C3 and C4, when neck reaches the
maximum S-shape. This causes large acceleratioanggvand pressure gradients.

C d

Figure 18 CFD simulation results of the baselingeca, pressure transient in the vertical veibjdid velocity transient in
the vertical vein (positive value means flow upward blood velocity transient in the intervertdbrains (positive value
means flow out); d, shear stress transient ofritervertebral veins
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5. Discussion

5.1 Compared with experimental results

Svensson (1993) measured the pressure change migtispinal canal during the extension, shown in
Figure 23. According to experiment results, both peak negative and positive pressure can be found
at the middle of the neck. In Figure 22(a), thespuee transient result shows that the peak negative
pressure is located at C3 and C4, however, the pesikive pressure occurs at C1. Due to anatomy and
movement difference between the volunteer and idpetipe simulation results which are based on the
volunteer test could not be exactly the same aitpadest. But, the essential feature of these two
results, which is peak negative pressure locatethetmiddle of neck, validates that our result is
reasonable. This indicates that geometric and katiead models are correct and the CFD simulation is
a powerful tool for whiplash injuries mechanismdstu

Figure 19 The pressure in the CNS versus time, 1ommHB33 PascaSvensson, 1999
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5.2 Boundary conditions

Since limited literature provide reasonable losefficent for veins, the loss coefficient of the
intervertebral veins in present study was simptytsel0. The wall of veins is thin and some of them
may even be collapsed in normal function (Fung,6)98o0 it is necessary to investigate the influence
of the loss coefficient in the intervertebral veiRggure 24 shows the pressure change when the loss
coefficient decrease to 1. Since the resistancerbes smaller, the blood can flow out or in via the
intervertebral veins easier, thus the pressurbenvein becomes smaller. The velocity of the blood
flow domain is smaller than the baseline case,elsag the shear stress of the intervertebral Vaies
Figure 24).

c d

Figure 20 The CFD calculation results for low losefficient(=1) .a, pressure transient in the eaitvein;b, blood
velocity transient in the vertical vein (positivalve means flow upward); c, blood velocity transiarthe intervertebral
veins (positive value means flow out); d, shearssttransient of the intervertebral veins
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If the loss coefficient of the intervetebral veisgaised to 100, due to the higher resistanceblied

pressure, velocity, and shear stress in both aknein and intervertebral vein become larger (show
in Figure 25).

Cc

Figure 21 The CFD calculation results for high lossfficient(=100). a, pressure transient in theigal vein; b, blood
velocity transient in the vertical vein(positivelwa means flow upward); c, blood velocity transienthe intervertebral
veins(positive value means flow out); d, shearsstteansient of the intervertebral veins

All the plots of the pressure are filtered by aitdilgfilter in MATLAB. The original pressure trarest

of the baseline case and two additional casesharersin Figure 26. The oscillation between eacletim
step is significant at C1 and C2. The average ntadmiof the oscillation is independent on the time
step size and iterations of each time step, asasgetlalculation schemes. However, increasing tse lo
coefficient of the intervertebral veins reducessdillations remarkably
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Figure 22 Pressure oscillations for different lossfficient cases. a, baseline case; b, lowerdosefficient; ¢, higher loss
coefficient

In baseline case simulation, the net flow throulgh tavity is assumed to be zero. Thereby, the
boundary condition of the top vent is a wall, whinlkeans no blood flows in or out from the top of the
vein. However, it is interesting to run another glation when replacing the boundary condition by a
high resistance outlet vent (loss coefficient=1@@Jled open-top case. The pressure transientristo
shown in Figure 27. From the top to the bottom, glkek pressure decreased with the height of the
location, the maximal pressure occurs at C1, wideminimal is found at C7. The pressure transient
does not follow the prediction based on volume geaanalysis.
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Figure 23 Pressure transient for the open-top case
5.3 Flow type

In the baseline case, the blood flow is modelethasnar flow, The Reynolds numbdRg based on
the maximum instant flow speed in the veins is &l200. Rapid flow change in short time might cause
turbulence. Therefore, it is interesting to seedHterence if the blood flow is modeled as turbnile
flow during the whiplash. Figure 28 shows the puesdransient in the vein using the kurbulence
model. Comparing to the baseline case result showfigure 22, the peak negative pressure is still
found at C3 and C4 around 80ms, but the magnitdddeopressure is smaller, and changes more
rapidly. The time, when pressure goes from negatiy@sitive, is earlier in the turbulence case.

Figure 24 Pressure transient of the baseline moualdulence flow)
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5.4 Cadaver case

As mentioned in Chapter 3.3, a cadaver model weated using the same method as the volunteer
model. The recorded vertebral rotational angledadaver test is shown in Figure 29 (Deng et al.,
2000). The impact speed of the cadaver test iskth#§ and the peak sled acceleration is 5.18g.
Comparing with the volunteer test, the impact spafedadaver test is 3.54km/h slower, but its peak
sled acceleration is approximately 1g higher. Withihe contraction force generated by the cervical
muscle and ligament, the rotational angle of eamttebra is similar. The kinematics modelling result
and spinal canal length change analysis resulslaen in Figure 30 and Figure 31 respectively. The
largest spinal canal length decrease in voluntestr dnd cadaver test both occur at S6. But in the
cadaver test, the length varying at S2, S4 andr&Slmht, the only remarkable length increasing ca
be found at S1 and S3. The CFD simulation reshlby# in Figure 32) demonstrates that the peak
negative pressure occurs at C3 at approximatelyn&8@llowed by C2, C1 and C4. The pressures at
all positions become positive after 210ms. The maxn pressure is found at C1, followed by C3, C2
and C4. Though the movement of cervical vertebeteden the cadaver test and the volunteer test are
different, a negative peak pressure is found atrtigielle of the neck.

Figure 29 Absolute rotation of the head and eachica vertebra (Deng et al., 2000)
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Figure 30 Kinematics modelling result of the caddaest (squares represent SKNs; triangles repr&4€Ns.)

a b

Figure 31 CFD simulation result for cadaver testspinal canal length change of each segmentgbspre transient in the
vertical vein
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6. Conclusion

A simplified kinematics model of neck whiplash naotiis created in this thesis. It principally
duplicated the swift whiplash motion undergoneha tolunteer rear-end collision test. Furthermore,
the inner volume change of the spinal canal isutaled as well. For this specific case, the S-shape
occurs approximately at 80ms, inner volume increadeS6, and it decreases in the upper cervical
region. To verify Aldmen’s hypothesis, CFD simutetiis used to find out the pressure transientén th
spinal canal. As estimated by the volume changéysisathe peak negative pressure is found at the
middle of the neck around 80ms in the CFD simutatiesults. Moreover, it is the maximal pressure
for the whole whiplash duration as well. The raiatil angle of the head at this moment is less 1%an
degree. Furthermore, the relative rotational amfleach vertebra is less than 10 degree when the S-
shape is formed. This is a probable explanatioriferphenomena, which after the introduction of the
head-restraint, the WAD injuries is only decreabgd?0 percent (Nygren et al., 1999). The pressure
transient, potentially causing neck injuries, oscat the beginning of the whiplash motion. It ig no
until recently that efficient injury avoidance syst has been developed for this stage. By the use of
new anti-whiplash systems that limit S-shape motibrhas been possible to develop new safety
devices for mitigating pressure transients that osyse whiplash injuries.

Since the knowledge of spinal canal blood circolatin the veins is limited, the settings of bourydar
conditions for the CFD simulations still need expants and theoretical studies support. From the
investigation of the influence of the boundary dtinds, some principal can be concluded as follow:
No blood flowing through the foremen magnum is @asonable assumption for the pressure calculation
for CFD simulation; within the loss coefficient taeten 1 to 100 in the intervertebral veins, higher
resistance causes higher pressure in the veingraalier oscillation between each time step.

Cadaver test is an efficient alternative methodbi@mechanical engineering study. But, without the
response of the soft tissue, under the similar pgesdd acceleration level, the rotated angle of each
vertebra is different compared with the voluntesst.t Furthermore, the peak pressure obtained in the
cadaver case is approximately three times highan that of the volunteer test. Even though the
cadaver test could provide much larger impact spaed acceleration tolerance, the whiplash
movement data recorded from the cadaver test calpenased for predicting the real pressure directly
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7. Further Work

Since the boundary conditions affect the CFD sitnutaresult significantly, more reasonable and
physical boundary condition should be put at thestmop-priority. Moreover, as the fundamental
assumption of this project, the blood flow is laariflow in the modeled vein during the simulated
period. Hence it is valuable to investigate théuerfce if the blood flow is modeled as turbulentfl

The kinematics rigid body model used in this prbjecsimple and efficient. Yet, a reliable FEM neck
model will provide more details of the whiplash mawent, and more accurate results. Especially, the
movement of C7 is never recorded in any presett,tbat it is very important for the pressure geadli
injuries hypothesis studies. The vein is modeled pgpe which radically rigid but axially flexiblep a
fully flexible vein model should be setup to refittee current model. To study the magnitude of the
pressure change during the whiplash, a venous pleradel is needed rather than to combine several
vertical veins into a big pipe..

To find out reasonable boundary condition, more mahi experiments are needed. X-ray
cineradiography should be applied to record the anwnt of vertebrae from C1 to T1. FEM model
should be created for kinematics study. Varying@#é® simulation parameters until the results could
match the experiment results.

Since the cadaver test provides the possibilityrfore extreme test, it is necessary to apply the\ear

test data for whiplash pressure change study. Bettd the huge difference between cadaver test
results and volunteer test results, the relatignbletween the calculated pressure for cadaveatest
the real pressure suffered during the impact shioelderived.
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9. Appendix

Appendix A User Defined File(UDF)
#include"udf.h"

DEFINE_GRID_MOTION(vessel, domain, dt, time, dtime)
{

Thread *tf = DT_THREAD(dt);

face tf;

Node *node_p;

real P[3000][6], Y[3000][7]; [*P: ctiient Y: coordinate*/

real x, vy, z;

real delta_1=0, delta_2=0, delta_x=0;

real J=0.0, K=0.0;

real up_nodO,dw_nodO,up_nodl,dw_nodl; /*O=laséstep; 1=current timestep*/
int update_y,section_id;

int N=time/dtime; /*N is timstep; time is [0.001 0.255]*/
inti,n, m, v;

FILE *file_1;
FILE *file_2;

file_1=fopen("vessel_motion_3000.mat", "r");
file_2=fopen("vessel_node_y 3000.mat", "r");

for(m=0;m<3000;++m){
for(v=0;v<6;++Vv){
fscanf(file_1, "%f",&P[m][v]);
}
}

fclose(file_1);
for(m=0;m<3000;++m){
for(v=0;v<7;++v){
fscanf(file_2, "%f",&Y[m][V]);

}
}

fclose(file_2);
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begin_f _loop(f,tf){
f _node_loop(f,tf,n){
node_p=F_NODE(f, tf,n);
if(NODE_POS_NEED_UPDATE(node_p)){

update_y=0;
section_id=-1,;
NODE_POS_UPDATED(node_p);
z= NODE_Z (node_p);
y= NODE_Y (node_p);
x= NODE_X (node_p);

if (y<O && update_y==0){ /*deal with y<0 section*/
update_y=1;
section_id=0;
J=0;
delta_x=x-(P[N-1][0]*pow(y,5)+P[N-1][1]*ow(y,4)+P[N-1][2]*pow(y,3)+P[N-
1][3]*p0W§y,2)+F’[N-1][4]*p0W(y,1)+P[N-1][5]):

for(i=1;i<=6;++i){ /*N isitne step, i is node index and section
index*/

up_nodO=Y[N-1][i]; [*lagime step*/

dw_nodO=Y[N-1][i-1];

up_nod1=Y[N][i]; [*crent time step*/

dw_nod1=Y[N][i-1];

if(y>=dw_nod0 && y<=up_nod0 && update_y==0){ /*IN section 1~6*/

update_y=1;
section_id=i;

delta_1=up_nodO-dw_nod0;
delta_2=up_nodl-dw_nod1i;
delta_x=x-(P[N-1][0]*pow(y,5)+P[N-1][tpow(y,4)+P[N-1][2]*pow(y,3)+P[N-
1][3]*pow(y,2)+P[N-1][4]*pow(y,1)+P[N-1][5]);
J=(y-dw_nod0)*delta_2/delta_1+dw_nod1;
break;
}

}
/*in section 0*/
[*if(update_y==0 && y<=0.0065){
update_y=1;
section_id=0;
delta_x=x-(P[N-1][0]*pow(y,5)+P[N-1][1]*pw(y,4)+P[N-1][2]*pow(y,3)+P[N-
1][3]*p0W(y,§)+P[N-1][4]*p0W(y,1)+P[N-1][5]);
:y’
|l
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if(update_y==0){ /*IN higher then section 6
part*/
update_y=1;
section_id=7;
J=Y[N][6];
delta_x=x-(P[N-1][0]*pow(y,5)+P[N-1][1]*ow(y,4)+P[N-1][2]*pow(y,3)+P[N-
1][3]*DOW§y,2)+P[N-1][4]*p0W(y,1)+P[N-1][5]):

if(update_y){
K=
P[N][0]*pow(J,5)+P[N][1]*pow(J,4)+P[N][2]*pow(J,3)P[N][3]*pow(J,2)+P[N][4]*pow(J,1)+P[N][5
I;

[* calculate X value from motion
equation */
NODE_Z (node_p) = z; [* update z value */
NODE_Y (node_p) = J; [*update Y value */
NODE_X (node_p) = delta_x+K; [* upeld  value */
}
else{
Message("find a un-updated point: (%g,%q);
Error("un-updated point error!");
}
}
}

}
end_f_loop(f,tf) ;
}
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Appendix B

Simulation Results

Test Matrix

Case Name Kinne]:(r)r:jaetlics Flow Type s Boundary_lc_:(;);ditions -
Saseine | vounveer | Lamnar | OWelvert | war | Outetvent
Coet, Cagey Volunteer | Laminar |\ SR | WAl | oo coettet
Lot:';ggireff. Volunteer Laminar Outlet vezmt Wall Outlet ve_nt
Case loss_coeff.=0.1 loss_coeff.=100
Mase || Vounteer | taminar | 1o " 1 | loss. coeft o100, loss.coeffo10
" Case | Volmteer | Turbulencq o, "EAT | WAl | gy coetreo
“Case | Codaver | vaminar| ( (IESTH ) | wal | oo Coetieo
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Baseline case
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Lower Loss Coeff. Case
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Higher Loss Coeff. Case
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Open Top Case
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Turbulence Case
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Cadaver Case

52 CHALMERS, Applied MechanigsMaster’s Thesis 2008: 38



CHALMERS, Applied MechanigsMaster’s Thesis 2008: 38

53



